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Die vorliegende Arbeit behandelt die Herstellung und die experimentelle Charakterisierung
von Feldemitterkathoden mit dem Ziel, eine alternative Elektronenquelle für Beschleuniger-
anlagen der 4. Generation wie beispielsweise den SwissFEL Freie-Elektronen-Röntgenlaser
anbieten zu können. Aufgrund der potentiellen Fähigkeit solcher Feldemitterkathoden Elek-
tronenstrahlen mit hohen Strömen und Stromdichten zu produzieren wird erwartet, dass
sie die herkömmlicherweise verwendeten Photokathoden und thermionischen Kathoden
ersetzen können.
Die extrem hohen Stromdichten, die für solch einen Röntgenlaser benötigt werden, können
nur unter Zuhilfenahme eines geeigneten Kollimationsmechanismus erzeugt werden. Unter
den verschiedenen Möglichkeiten ist eine vertikal geschichtete Feldemitterkathodenstruktur
von besonderem Interesse. Durch das Anbringen zweier Elektroden, die sowohl voneinan-
der als auch von den Spitzen elektrisch isoliert sind, lässt sich eine elektrostatische Linse
erzeugen, die über das Anlegen einer geeigneten Spannung einen kollimierten Elektronen-
strahl erzeugt. Diese Linse minimiert die Bandbreite der transversalen Geschwindigkeiten
der Elektronen und damit auch die Emittanz, eine wichtige Grösse für die Beurteilung
der Strahlqualität. In einer geschichteten Feldemitterkathodenstruktur wird die untere
Elektrode üblicherweise zur Extraktion der Elektronen verwendet. Durch die von den
nur wenige Nanometer durchmessenden Spitzen erzeugte lokale Feldverstärkung genügt
das Anlegen einer vergleichsweise niedrigen Spannung zwischen diesen Spitzen und der
Extraktionselektrode zur Erzeugung der benötigten Felder im Bereich von mehreren GV/m.
Das Hauptproblem dieser geschichteten Strukturen war der Einfluss des Kollimationsfeldes
auf den Emissionsstrom. Die negative Spannung bewirkt eine Verminderung des Extrak-
tionsfeldes, was sich aufgrund der exponentiellen Abhängigkeit stark auf den emittierten
Strom auswirkt. Grosse Öffnungen in der Kollimationselektrode reduzieren diesen Einfluss
erheblich, wie in der vorliegenden Arbeit gezeigt wird.
Kreisförmige Öffnungen in der Extraktionselektrode werden durch Plasmaätzen einer
planaren Schicht aus Photolack erzeugt. Dabei wird die Tatsache ausgenutzt, dass die
Elektrode beim Aufbringen die Oberflächenerhebungen der unterliegenden Strukturen
reproduziert und deshalb über den Spitzen erhöht ist. Die Benutzung eines fokussierten
Strahls von Galliumionen erlaubt die Materialabtragung in genau definierten Regionen
der Kollimationselektrode, wodurch Öffnungen mit beliebigen Geometrien erzeugt werden
können. Mit diesen Methoden wurden geschichtete Kathodenstrukturen mit bis zu 400
Spitzen hergestellt. Der fokussierte Ionenstrahl bietet ein ausgezeichnetes Instrument für
die Herstellung von Prototypen mit einer geringen Anzahl an Spitzen, kann aber aufgrund
des langsamen Materialabtrages nur mit viel Zeitaufwand zur Herstellung von Strukturen
mit mehreren tausend Spitzen verwendet werden. Dieses Problem wurde durch die Verwen-
dung von Elektronenstrahllithographie gelöst. Durch die selektive Elektronenbestrahlung
eines speziellen Lacks wurden damit geschichtete Kathodenstrukturen mit bis zu 40’000
Spitzen hergestellt.
ii
Um das Verhalten der Feldemitterkathoden unter verschiedenen Bedingungen einschätzen
zu können, wurde ein numerisches Modell der vorgenannten geschichteten Struktur
implementiert, das die realen Strukturen bis ins grösstmögliche Detail reproduziert. Durch
die Aufteilung der Berechnungen in mehrere Stufen konnte die Rechenzeit minimiert und
gleichzeitig die Genauigkeit erhöht werden. In einem ersten Schritt wird die Feldverteilung
an der Spitzenoberfläche berechnet und daraus dann über die Fowler-Nordheim Gleichung
der emittierte Strom in Abhängigkeit der angelegten Spannung ermittelt. Diese Werte
bilden die Anfangsbedingungen einer dreidimensionalen Simulation der Elektronenbahnen.
Zuerst wird die Situation in der Nähe der Emitterspitze mit einem engmaschigen Gitter
simuliert und die Werte dann wiederum als Anfangsbedingungen für die Simulation der
Verhältnisse in der kompletten Kammer verwendet, in der die Anode 40-50 mm von der
Probe entfernt angebracht ist.
iii
Abstract
The work presented here deals with the fabrication and experimental characterization of
stacked double-gate field emitter arrays with the goal to provide an alternative electron
source for 4th generation accelerator facilities such as the SwissFEL X-ray free electron
laser. Such field emitter arrays are expected to be superior to the conventionally employed
photocathodes or thermionic cathodes due to their capability of delivering high current
electron beams with an extremely high brightness.
Among the multitude of different possible collimation methods, the stacked double gate
structure was shown to provide strong reduction in transversal velocity spread, a quantity
closely related to the emittance and thus also to the beam brightness. A stacked double-gate
field emitter array consists of two aligned electrodes placed above the emitter tips. By
applying a potential between the emitter tips and the lower electrode, the strong fields
necessary for a sufficient reduction of the tunneling barrier are created at the nanoscale
emitter apex. Due to the field enhancement at nanoscale structures, the application of
comparatively low voltages is sufficient. The second electrode, the so-called collimation
gate, forms the top layer of the field emitter array structure. By applying a negative voltage
to it, an electrostatic lens is created that effectively reduces the transverse velocity spread
of the emitted electron beam and leads to an increased current density. Because the field
created by the collimation gate reduces the field at the emitter apex, the current density
increase is limited by the reduction of the emitted current. With large collimation gate
apertures, this problem can be diminished and it is possible to maintain high current levels
during collimation.
The extraction gate apertures are patterned by a self-aligned polymer etch-back process.
For the opening of the large collimation gate apertures, a focused ion beam milling process
was developed and employed to fabricate double-gate field emitter arrays with up to 400
emitters. This flexible, mask-less method is ideal for the prototyping of small arrays but
lacks the speed necessary for larger devices. A solution was found by selectively exposing a
resist placed on top of the collimation gate by means of electron beam lithography. This
method was used to produce double-gate field emitter arrays with up to 40,000 emitter
tips.
A numerical model was devised to allow the comparison of theoretical expectations to
experimental results. In building the model, careful considerations have been under-
taken to represent the fabricated structures as close as possible. For optimal results, a
multi-step calculation was employed. First the electric field distribution in the vicinity of
the emitter apex is calculated and used to derive the emission current governed by the
Fowler-Nordheim equation and the active emission area. The resulting values are then
used to initialize a particle tracking simulation. Due to the dense meshing required on
the emitter apex surface, the trajectories are first calculated close to the point of emission.
The results are exported and used for the initialization of a simulation of the full experi-
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Gcol collimation gate; see figures 3.9 and 3.10
Gex t extraction gate; see figures 3.5, 3.6 and 3.7 in section 3.1.2
I1 1.2 µm thick SiO2 insulator layer separating the emitters from the extraction gate;
see figures 3.5 (a) and 3.7 in section 3.1.2
I2 second insulation layer separating the extraction gate electrode from the collimation
gate electrode; It consists of SiON which etches slower in BOE, thereby reducing
the Gcol undercut, see section 3.2
kcol the ratio Vcol/Vem
Vcol bias voltage applied to the collimation gate Gcol
Vem bias voltage applied to the emitter tip substrate
Vex t bias voltage applied to the extraction gate Gex t; this is generally set to ground
BOE buffered oxide solution consisting of NH4F and hydrofluoric acid in water
e-beam electron beam
F-N Fowler-Nordheim; R. H. Fowler & L. Nordheim developed a theoretical model
describing field-emission from flat metallic surfaces. The equation relating the




FEM field emission microscope





PEC proximity effect correction; exposure of areas surrounding the area of beam impact
due to electron scattering in electron beam lithography
PECVD plasma enhanced chemical vapor deposition
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This chapter will give an introduction to the work presented hereafter. It begins by
stating the motivation for conducting research in the area of double-gate field-emission
cathodes. Then, the necessary theory is introduced and an overview of the state-of-the-art
is presented. In each chapter, a short introduction to the manuscripts or the unpublished
data included therein is given. The different methods used in the fabrication of field-
emitter arrays and, in particular, the processes applied to the fabrication of the collimation
gate electrodes are presented in detail in chapter 3. Details concerning the numerical




The work leading to this thesis was initiated to experimentally investigate the predicted
superior performance of field-emitter array (FEA) cathodes for accelerator applications
compared to laser photocathodes or thermionic cathodes. [1–3] The main application
these FEA cathodes are intended for is the SwissFEL X-ray free electron laser (FEL) being
built at the Paul Scherrer Institute. [4] The SwissFEL will produce ultrashort X-ray pulses
with wavelengths in the range of 0.1-7 nm and allow for future extensions of the range
to 0.08-30 nm. [5] At the present time, the state-of-the-art laser photocathodes produce
electron pulses of 200 pC charge with a normalized emittance below 0.4 mm mrad.
[6]
Most FELs currently in operation [7] have a gain of only a few percent per undulator
passage due to the electron beam quality and undulator length. Therefore, they require
an optical cavity resonator and a synchronized multibunch electron beam [8]. For the
very short wavelengths used in the SwissFEL, high-reflectivity mirrors for normal beam
incidence are not available, which means that a sufficient gain has to be reached within
a single undulator passage. If the peak current of the electron beam is high enough,
the synchrotron radiation acts back on the beam, leading to a density modulation that
enhances the power and coherence of the radiation. This self-amplification by spontaneous
emission (SASE) causes the radiation power to grow exponentially with the distance along
the undulator. [9] In section 1.2, a short introduction to free electron lasers is given and the
performance of the double-gate FEAs presented in this work is compared to the SwissFEL
requirements.
Another possible application of FEAs are microwave power amplifiers such as travelling
wave tubes (TWTs) which could profit from an expected increase in power density and
frequency when the thermionic cathodes commonly used as electron sources in these
devices are replaced by FEAs. [10,11] FEAs can help simplify the gun design and extend
the operation range of such TWTs because of the possibility of direct current modulation
without the use of the grid necessary for controlling the electron emission of thermionic
cathodes in such devices. [12] The successful integration of a single-gate Spindt FEA into a
TWT producing 100 W output power at 5 GHz [13] demonstrates the practical feasibility
of FEA-based TWTs.
In the case of FEAs, the requirement of an almost parallel electron beam with a high-current
density mandates some form of beam collimation to reduce the uncollimated emission
angle of 40-60◦. A multitude of different methods can be applied to achieve this collimation
with varying performance. An overview of the most common approaches is given in section
1.3. In this work, a collimated electron beam was obtained by using a stacked double-gate
structure to individually collimate the emitted beamlets.
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1.2 The SwissFEL X-ray Free Electron Laser
The SwissFEL is a 4th generation accelerator facility presently being constructed by the Paul
Scherrer Institute. A number of such X-ray free electron lasers are being built across the
world (e.g. European XFEL [14]) or are already in operation (e.g. LCLS [15], SACLA [16]).
In a free electron laser, coherent photon radiation is produced when a relativistic electron
bunch passes through an undulator section, figure 1.1. The alternating transverse magnetic
field forces the electron beam on a sinusoidal path and thereby causes the electrons to lose
energy in the form of electromagnetic waves (synchrotron radiation). Due to the relativistic
energies of the electron bunch, the radiation is emitted almost completely in longitudinal
direction. [9] The synchrotron radiation acts back on the electron beam, causing a density
modulation (microbunching) which is in-phase with the emitted radiation. This leads to an
exponential increase of coherent photons along the undulator. In a FEL, the electrons are
not bound in atomic or molecular states and, different from classical lasers, the electron
beam itself acts as the gain medium, making FELs more widely tunable than any other type
of laser. [17] The chosen wavelength can be selected by varying the electron energy and





Figure 1.1: Schematic overview of the undulator section where the coherent photon radiation is
produced. Image taken from [4]
As shown in table 1.1, the SwissFEL requires an extremely low emittance electron beam.
This puts stringent requirements on the electron source as the beam quality is crit-
ically dependent on the first few millimeters in the accelerator where the electrons
are still at non-relativistic energies. In order for the double-gate FEAs to be consid-
ered as an upgrade option to the SwissFEL injector, these requirements have to be ful-
filled.
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SwissFEL nominal operation modes high charge low charge
Bunch charge 200 pC 10 pC
Gun gradient 100 MV/m
Beam current (during pulse) 20 A 3 A
Pulse length (flat top, full width) 10 ps 3.3 ps
Normalized rms emittance 0.2 µm 0.09 µm
Pulse repetition rate 100 Hz
Table 1.1: Overview of baseline specifications for SwissFEL
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where γ= 1/
p
1− β2, β = uz/c0 with c0 the speed of light in vacuum and uz the longitu-
dinal velocity. x is the source radius and x ′ the beam divergence angle. The correlation
term is equal to zero in this case and the angle can be given in terms of the transverse and







where R0 is the FEA radius and ut is the rms transverse velocity. In the experiment, a value
of ∼2.4×10−4 was achieved for ut/c0 with a 40,000 tip double gate FEA (see section ??).
The radius of the FEA was 1.14 mm. Inserting these values into equation 1.2 yields a
normalized rms emittance of 0.14 µm which is below the value required for the SwissFEL.
The particle tracking simulations presented in chapter 2 have shown that the collimation
characteristics are preserved when the structure is reduced in size. Assuming a double-gate
structure reduced by a factor of ten from the FEAs presented in this work, a circular FEA of
150 nm base length pyramidal emitter tips with a pitch of 1 µm and a radius of 1.14 mm
would hold approximately 106 emitters. With 10 ps pulsed emission, extracting a current
of 20 µA per tip, the total pulse charge amounts to 200 pC as required by the SwissFEL
baseline design. The aforementioned value of ut was obtained at an acceleration field of
60 kV/m and an average tip current of 0.8 nA. The current was deliberately kept low in
order to preserve the phosphor screen used in the experiment to image the electron beam.
Of course, space-charge effects would become increasingly dominant when going to higher
average tip currents in the µA range. However, the particle tracking simulation shows that
the space-charge induced degradation of εn,rms is compensated by the high acceleration
gradient of 100 MV/m used in the SwissFEL.
1.3 Overview of the State-of-the-Art 5
1.3 Overview of the State-of-the-Art
The extremely high-brightness electron beams achievable with field-emission cathodes has
enabled the realization of electron microscopes with field-emitter guns capable of atomic
resolution [19] and stimulated high current and high current density applications such as
free-electron lasers [5,20] and THz vacuum electronic devices. [21–24] High-brightness
electron beams can be extracted from microfabricated emitter tip apexes with radii in
the order of a few nanometers down to single-atom emitters [25,26] by the application
of strong electric fields of several GV/m. Because of the field-enhancement occurring at
such nanometer-scale structures, the voltages required to create such fields on the emitter
apex surface are comparatively low. The fact that this field-enhancement is also present at
frequencies of up to almost the visible spectrum has recently triggered intensive studies
ranging from fundamental physics such as electron dynamics in strong fields [27] to
ultrafast electron beam applications for time-resolved electron diffraction and microscopy,
[28] potentially down to the attosecond range. [29]
Experiments and basic research in high current density field-emission were started in the
1950s [30] and with the advent of microfabrication it became possible to arrange multiple
emitter tips into arrays [31]. The first single-gate FEAs fabricated consisted of metallic
cone shaped emitters evaporated at normal incidence through a shrinking aperture. [32]
These Spindt-type FEAs, named after their inventor, operate at very low applied voltages
compared to etched wire emitters [33] and have shown current densities of 40 A/cm2 with
a total current of 300 mA for arrays of 50,000 emitters. [34] This is well below the current
densities achievable from single emitters [3,35] and current densities exceeding 2 kA/cm2
have been reported for FEAs with areas of ® 10−4 cm2. [36] The main obstacle hindering
higher current densities in larger FEAs is the inherent non-uniformity of tip apex radii of
curvature. One method to increase the emitted current is the irradiation by a near-infrared
laser. [37] Using a single-gate molybdenum FEA with 1.2×105 emitter tips, the generation
of ultra-fast electron bunches with a charge of up to 5 pC was demonstrated using a 50 fs
pulsed laser with 800 nm wavelength. [38]
Field-emitters can be fabricated from any material that can be etched, molded, grown or
formed into an appropriate shape by other methods. [3] The electrochemical etching used
for emitters made from tungsten wires [39] has been known for decades and has been
used to test the coating with thin films made from various materials [40–43] in order to
reduce the work function. Because of its high chemical and thermal stability, tungsten has
been used to fabricate field-emitters of varying tip geometries such as nanowires [44,45],
nanowhiskers [46], nanorods [47] or nanotips [48]. Due to the high availability of silicon
fabrication techniques, in addition to FEAs fabricated from single-crystal silicon, [49] the
field-emission characteristics of various forms of silicon such as polycrystalline [50,51],
porous [52] and amorphous [53] have been investigated. Next to tungsten, other metallic
materials such as molybdenum [54,55] or cobalt [56] have been used for the fabrication
of FEAs. Because it is highly inert to ion bombardment, diamond has been used to fabricate
field-emitters by molding and chemical vapor deposition, showing low or negative electron
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affinity. [57, 58] Field-emission was also demonstrated with diamond micropowders.
[59]
Recently, carbon nanotube (CNT) based field-emitter devices have been presented. [60–63]
CNT field-emitter devices have shown very low turn-on fields in the range of a few
V/µm [64], which is an order of magnitude smaller than generally needed for metallic
field-emitters.
Field-emission has also been demonstrated from composites such as TiN [65], HfN [66],
HfC [51,67] and other more exotic materials such as e.g. from carbon black and carbon
black/silica nanoparticles dispersed in photoresist which demonstrated a turn-on field of
only 3.5 V/µm. [68]
It has been shown that FEAs can be competitive with state-of-the-art laser photocathodes if
the angular spread of individual beams is reduced below ∼1◦ while keeping the average
current density above ∼1 kAcm−2. [6,69] To reach this goal, the intrinsic angular spread
of electron beams emitted from FEAs, which is in the order of 60◦, has to be reduced
by a suitable method while achieving maximum beam brightness enhancement. [70–
78]
In addition to the extraction gate electrode an additional focusing electrode, can be
added on top of the structure or in-plane. In-plane focusing with a collective focusing
electrode [79] is only applicable to FEAs with 10×10 emitters or less, but the incorporation
of individual in-plane focusing is expected to deliver improved current-densities. [80] Using
stacked double-gate structures, [55,70,71,74,76–78,81–86] an increased current density
could be achieved, albeit at the cost of strongly reduced emission current due to the
influence of the field created by the focusing electrode on the field at the emitter apex. By
increasing the thickness of the extraction electrode [72,87] or by adding additional gate
electrodes [88,89], this current reduction could be mitigated.
Among the different methods proposed, volcano-structured double-gate FEAs [73,75,90,
91] and stacked double-gate devices with a collimation gate aperture opening diameter
approximately three times larger than that of the extraction electrode [76–78] have shown
excellent performance in terms of minimizing the current emission reduction during
collimation and achieving increased current-densities.
To extract high current and high current density electron beams from large FEAs with
thousands to millions of emitter tips, a very small distribution in emitter tip apex radii of
curvature Rt ip is necessary. Due to the exponential dependency of the emission current on
the applied voltage [92,93], even small variations in Rt ip significantly influence the total
current of the FEA. The presence of adsorbents on the emitter apex can increase the work
function locally and atomic protrusions present on the emitter apex can lead to vacuum
arcs. Thermal annealing by the extracted field-emission current has been used to clean the
emitter tips of contaminants in-situ and can help maintaining a stable emission current level.
[94] The variation of apex radius of curvature inherent in most fabrication techniques across
large FEAs, however, cannot be amended by this method.
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A well established method used originally for the conditioning of electrochemically etched
tungsten wires in field-ion microscopy is the sputtering with noble gas ions. [95] After
cleaning the W wires by heating them to 2000 K, neon gas was introduced into the chamber
with the flow rate adjusted to stabilize the pressure at ∼6×10−3 Pa. Field-emission was
then initiated by applying a voltage between cathode and anode. This voltage was adjusted
during the conditioning process to keep the emission current level constant, leading to
a constant apex sharpening rate. [96] This method has been applied also to single-gate
FEAs, using mixtures of helium, neon and xenon with hydrogen gas. [97] After the glow-
discharge treatment, the emission area and current uniformity improved, with Ne showing
the best results. Bombardment with Xe resulted in leakage between emitters and gate
cathodes which is assumed to be due to the high sputtering yield of Xe. [98] Using pure H
gas or a mixture of He and hydrogen gas did not lead to a significant change in the emission
characteristics. However, the bombardment with H ions can assist the thermal annealing in
removing contaminants. [99] The operation of field-emitter cathodes in vacuum chambers
always leads to bombardment of the emitter tips by ionized residual gas atoms. [100] In
UHV, the residual gas is mainly composed of hydrogen due to its large outgassing rate
from stainless steel. The operation of Si and HfC FEAs under O2 and Ar residual pressures
of 10−6 Pa and 10−4 Pa showed that after returning to the base pressure of 10−7 Pa, the
field-emission characteristics prior to the gas exposure could be restored in the case of O2
but not in the case of Ar. [67]
The noble-gas conditioning method is also interesting for scanning tunneling microscopy
and spectroscopy since the properties of the probe tips strongly influence the quality of the
obtained data. Using a combination of thermal annealing and noble gas conditioning of W
probe tips allows for in-situ conditioning. [101] Recently, the noble gas conditioning was
applied to molded molybdenum FEAs with single-gate [102] and double-gate structures
(see section ??). This resulted in improved homogeneity of the emission current across the
FEA which is assumed to be caused by homogenization of emitter tip apex radii due to the
low-energy ion bombardment. Simulations of ion trajectories have shown that only ions
formed near the emitter tips impact on the active emission area. They have energies in
the order of 10% of the cathode-anode potential, which was confirmed in experimental
damage measurements. [103] These calculations were done for ungated emitters and do
not necessarily describe the situation found in single or double-gate FEAs. In the case of
double-gate FEAs, calculations using the model presented in chapter 2 have shown that
also ions created h 20µm away from the emitter apex along the electron trajectory impact
on the emission area. This is perhaps due to the electrostatic lense created by the gates at
ground potential.
1.4 Field-Emission Theory
Electrons can be extracted from metallic surfaces into vacuum by means of different
methods. Through the application of heat, they can gain enough energy to surpass the
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potential barrier [104] as is also possible by making use of the photoelectric effect when
irradiating a metallic surface with a laser [105]. The third method is a purely quantum
mechanical effect, called cold field-emission. By applying strong electrostatic or pulsed
fields in the order of several GV/m, the electrons can tunnel through the deformed potential
barrier. This is fundamentally different from thermionic emission or photoemission where
only those electrons are emitted that have enough energy to pass over the potential
barrier. [106–110]
For a sufficient amount of electrons to tunnel through, the barrier width must be very small.
This requires extremely high voltages between the electron emitting material and a cathode.
In lieu of using high power voltage supplies, the emitter size can be reduced. Field-emitter
tips with a radius of curvature of ∼5 nm lead to a geometrical field enhancement factor
β of ∼40. [111] It should be noted that there is no unanimous definition of β which is
sometimes expressed in units of inverse length (e.g. in Ref. [10]) to allow the expression
of the field F through the applied voltage V by
F = βV. (1.3)
The first approximate theory of field-emission from metallic surfaces was developed almost
a century ago by Schottky [112, 113] and was then extended by Fowler & Nordheim
[92, 114, 115]. Although their basic ideas are still valid today, the use of a triangular
barrier model without taking the image potential into account in their equations led to
current-densities that were orders of magnitude lower than measured in experiments.
[116] This was later corrected [93, 116, 117] and the theory was extended to field-
emission from semiconductors [118,119] and carbon nanotubes. [120,121] There remains,
however, a dispute about how to interpret experimental data by Fowler-Nordheim (F-
N) theory, as for certain parameters that are currently assumed to be constant in the
equations, a dependence on the externally applied electric field or other variables may
exist, [122,123] especially at high fields. [124] In the following, the so-called standard
F-N theory is introduced and its applicability to the analysis of experimental results is
motivated.
The standard F-N theory includes the image potential which rounds off the triangular
barrier arising from the application of an external electric field F , fig. 1.2. It uses a number
of approximations. Most notably the temperature is assumed to be 0 K and the electrons
behave according to the Sommerfeld free-electron model with Fermi-Dirac statistics. The
problem is reduced to one dimension by taking the surface to be planar. [110] A relation
between F and the resulting emission current density J can be calculated by determining
the electron tunneling probability D for electrons approaching the surface. In the absence
of F , the electrons are confined to the metal and have kinetic energies below the Fermi
surface. The potential barrier B created by the static ion cores has to be lowered in order
to increase D which can be calculated using the semi-classical JWKB approximation [125]
and is given by [126]
D(E, F) = exp (−G) , (1.4)
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where G is defined by G ≡ g∫pB(x , F)dx where g = 10.24624 eV−1/2nm−1 and x mea-
sures the distances in the direction perpendicular to the metal surface. The elementary
triangular barrier is then defined by [116]
Bt r i(x , F) = φ − eF x , (1.5)
leading to Gt r i = bφ3/2/F with the second Fowler-Nordheim constant b ≡ 2g/3e ≈
6.830890 eV−3/2Vnm−1. The work function φ is defined by the energy necessary to remove
an electron from the solid and e denotes the elementary charge equal to ∼1.602×10−19 C.
By using a tunneling exponent correction factor ν and a decay-rate correction factor τ, G
can be derived for more general B by

















where n(E) is the number of electrons incident on the barrier per unit area with an










Figure 1.2: Schematic model of field-emission from a flat metallic surface at 0 K. The electrons are
confined to the metal and have energies below the Fermi energy EF . The difference between the
vacuum energy EV and EF is called the work function φ and is the energy necessary to remove an
electron from the solid. By applying an external electric field, the barrier is reduced as denoted by
Bsn when the image potential is considered and Bt r i if it is neglected
The Schottky-Nordheim barrier is given by [108],
BSN(x) = φ − eF x − e2/16piε0 x , (1.9)
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where the vacuum permittivity ε0 is equal to ∼ 8.8541878×10−12 Fm−1. The term
e2/16piε0 x is due to the image potential and rounds of the barrier. Inserting eq. 1.4 using












where the first Fowler-Nordheim constant a is equal to e3/4ħh≈ 1.541323×10−6AeVV−2.






Let Fφ denote the field at which the barrier is reduced to zero when the local work function





In terms of y =
p
f the correction factors τSN ,νSN in equation 1.10 can be written
as [128]
νFN( f ) = (1+ y)1/2

E(m)− yK(m) ,
τFN( f ) = (1+ y)−1/2

(1+ y)E(m)− yK(m) , (1.13)
where m= (1− y)/(1+ y) and K and E are the complete elliptic integrals of the first and
second kind, respectively. [129] The expressions given in eq. 1.13 can be approximated
by [127]
τFN( f )≈ 1+ (1/9) f − (1/2) f ln( f ) ,
νFN( f )≈ 1− f + q f log f ,
(1.14)
with q ≈ 1/6. Inserting the approximation for νFN( f ) into equation 1.10 and not-













where η = bφ3/2/Fφ. Setting both τFN and νFN to unity in equation 1.10 results in the
so-called elementary Fowler-Nordheim equation.
1.5 Fitting Experimental Data to the Theory
The fitting of experimental current-voltage (I-V) characteristics to equation 1.10 is a widely
used practice to demonstrate that the measured current is due to field-emission. Inserting
1.5 Fitting Experimental Data to the Theory 11
equation 1.3 into equation 1.10 and multiplying with a notional emission area A to receive












By defining the fitting parameters α := Aaβ2/τ2SNφ and γ := bφ
3/2νSN/β , equation 1.16




) = log(α)− γ
V
. (1.17)
Ignoring possible field-dependence in the fitting parameters, plotting the experimental I-V
characteristics as 1/V versus I/V 2 on a semi logarithmic scale results in a straight line in
those cases where the current is due to field-emission.
In principle, the active emission area can be extracted from the ordinate intercept log(α) if
β and φ are known. The values of τFN and νFN are either taken from tables [106,130,131]
or some approximation is used [54,127,132,133] of which the best is that given in equation
1.14, [134] displaying a relative deviation of 0.33% from the exact solution [135] over the
whole range 0 ≤ f ≤ 1. It was shown, that even without the knowledge of β and φ an
orders of magnitude estimate of A is possible by measuring I ,V and dI/dV . [132] When
emitter tips with apex radii in the nanometer range are used, the experimental behaviour
deviates from the straight line plot of equation 1.17 [30,136,137]. This deviation can be
ascribed to space-charge induced field lowering at the emission site [30] or differences
between the actual shape of the potential barrier and the approximate potential barrier
BSN used in standard F-N theory. [138]
In this work, a somewhat different approach has been taken in order to monitor the relative
change of the emission area and β during the noble gas conditioning presented in chapter
6. Using again two fitting parameters










where St ip is the emission area of a single emitter - assumed to be constant across
the FEA - and Nt ip is the number of active emitters. Inserting these parameters into













This gives a better approximation to the experimental data. [116] Since τFN is close to
unity for 0≤ f ≤ 1, the assumption is justified. Setting q = 0 results in better agreement
with the experimental data. This is motivated by the possibility of a field dependence of
St ip which opposes the −qη term in equation 1.15. [139]
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To be able to compare the experimental results presented in chapters 4, 5 and 6 to
theoretical predictions, a numerical model of the fabricated structures was devised. The
simulation is run in three steps. First, the field at the emitter tip apex is calculated for a
given bias voltage applied between the extraction gate and the FEA substrate using a two
dimensional axisymmetric model in COMSOL Multiphysics. [140] With the obtained field
values, the total current and the active emission area can be computed by integrating the
F-N equation 1.15 over the emitter surface in MATLAB. [141] These values are then fed
into a full three dimensional particle tracking simulation of the emission current in CST
Particle Studio. [142] After validating the results of the particle tracking, see chapter 6, the
model was extended to higher currents and the inclusion of space-charge effects. In light
of the final goal of this work, different acceleration gradients of up to 100 MV/m were
calculated for varying collimation gate aperture diameters and the model was reduced
in size by a factor of ten. It has recently become possible to fabricate such small emitter
tips by exchanging the molding method with an electron beam lithography fabrication
process. [143] Such high-density FEAs could be capable of producing a two orders of
magnitude higher current level than the double-gate FEAs presented in this work with
the same current density increase during collimation, if the emission characteristics are
not negatively affected by the size reduction and a sufficiently large Gcol aperture can
be incorporated. The goal of the scaled model is to provide a framework for the further
development of high-density double-gate FEAs.
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2.1 Calculation of the Emission Current and the Active
Emission Area
The multi-step modeling approach is advantageous for the commercial software suites
used in this work. Since the calculated current levels need to reflect those measured in
the experiments, the calculated emission has to be governed by the F-N equation 1.15,
necessitating a sub-nanometer mesh for the calculation of the electric field at the emitter
apex as shown in figure 2.1 (b). This is done using a two-dimensional axisymmetric model
and an adaptive triangular mesh. The model is built as close as possible to the fabricated
structures by studying FIB cross-sections of single emitters and TEM micrographs of a
typical emitter apex (see figure 4.2). As an approximation reflecting the average apex
radius of curvature across a large FEA, a spherical emitter apex with a radius rt ip equal
to 10 nm was used in this model. Using the finite element method, [144] the values of
the electric field are calculated on each mesh point for a range of collimation voltages.
Subsequently, the electric field values along the emitter apex surface are exported for the
calculation of the total current and the active emission area.
For the calculation of the total current emitted for a given applied voltage, the current
density J has to be integrated over the surface of the emitter tip apex ~St ip. This spherical
surface can be parametrized by






where the angles θ and ϕ are defined as shown in figure 2.1 (a). With this, the total
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 dθ dϕ. (2.2)
By inserting ~St ip and performing the integration over ϕ from 0 to 2pi, this is reduced
to
It ip = 2pi
∫ pi/2
0
J(θ)r2 cosθ dθ . (2.3)
To allow the calculation of the total current in MATLAB, equation 2.3 needs to be discretized.
This is most conveniently done by using the corresponding Riemann sum which is given
by




θi+1− θi (J(θi+1) cosθi+1+ J(θi) cosθi). (2.4)






















Figure 2.1: (a) Definition of the azimuthal angle ϕ and the polar angle θ used for integration. (b)
Close-up image of the emitter tip apex showing the triangular mesh elements colored by side-length.
All mesh elements close to the tip surface have a side length ®1 Å. (c) High-resolution TEM image
of a fabricated emitter tip apex for comparison. (d) The full simulation domain of 15×15µm2 with
the mesh size colored according to the legend in (c).
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2.2 Full 3-D Simulation of Electron Trajectories
For the simulation of the electron trajectories, a full 3-D model of a single-emitter stacked
double-gate structure is used, figure 2.2. Using the finite-differences method, [146] the
electric field and the electron trajectories are first calculated in the vicinity of the emitter
tip. For that purpose, a virtual anode is placed at a distance of 20 µm along the beam axis.
This relatively large distance ensures that the electron trajectories are not influenced by
the presence of the virtual anode. During the simulation, the electron trajectories are rep-
resented by a predefined number of macro-particles, each representing multiple electrons.
The macro-particles have the same charge to mass ratio as a single electron and therefore
follow equal trajectories in a given electric field distribution.
The initial positions of these macro-particles lie inside the so-called active emission area
A that is defined by the fraction of the emitter tip apex surface encompassing 99% of the
total current. A is determined by
A= 2pir2t ip

1− sin(pi/2− θth) . (2.5)
For a given t t ip, it depends only on θth, figure 2.2 (c), which can be derived using eq.
2.4. A is covered by an adaptive triangular surface mesh with the center of each triangle
defining the initial position of one macro-particle. For the calculation of the electric field
and the particle trajectories, the simulation domain is then filled with a hexahedral mesh
that has a minimal side length of ∼1 nm in the area of the emitter apex ±5 nm in each
direction. Due to the specific matrix representation of the discretized Maxwell equations,
the finite-differences method was originally limited to a hexahedral mesh. [147] In the
meantime, the discretization has been generalized to allow also non-orthogonal meshes
that are better suited for the approximation of curved boundaries. [148–150] Unfortunately,
the practical implementation of non-orthogonal meshing is very complicated and most
finite-differences solvers are still limited to hexahedral meshing. [151] This is also the
case for the tracking solver used in this work. However, given a sufficiently dense mesh,
the finite-differences method allows for a very accurate reproduction of experimental
results. [152]
During the particle tracking simulation, the velocity and position of each macro-particle
are recorded upon impact on the virtual anode. These values are then exported and
used to initialize a simulation of the full chamber used in the experiment. The imported
macro-particles are started at a distance of 20 µm from the chip surface and travel towards
the anode that is placed at a distance of 40-50 mm. The results produced with this multi-
step simulation approach were in excellent agreement with the experimentally measured
evolution of the rms transverse velocity and the rms beam radius for different voltages
applied to Gcol as presented in section ??.
In figure 2.3, the collimation characteristics of a typical setup are shown. The voltage
Vem applied between the emitter tips and Gex t was set to -72 V, resulting in an emission
current of 1.84 pA for the acceleration voltage of 1 kV applied to the anode. The ratio
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Figure 2.2: (a) Top-view of a full 3-D model of a single-emitter stacked double-gate structure with a
Gcol aperture diameter of 7 µm and a Gex t aperture diameter of 2.3 µm. (b) Perspective view of the
modeled structure. (c) Close-up view of the emitter tip apex with a 1 nm side length tetrahedral
mesh. The active emission area - the area where the macro-particles are started from - is limited by
the angle θth calculated from the electric field.
kcol = Vcol/Vem, where Vcol is the voltage applied to Gcol , was varied between 0 and 0.90 in
steps of 0.1 and between 0.91 and 1.05 in steps of 0.01. For kcol = 0, figure 2.3 (a), the
electron beam is uncollimated and displays an emission angle of ∼60◦. The increase to
kcol = 0.50, figure 2.3 (c), does not significantly change the emission angle, but the kinetic
energy is reduced by ∼40%. At kcol = 0.99, figure 2.3 (e), the electron beam is maximally
collimated and nearly parallel. Due to the large Gcol aperture, the field reduction at the
emitter apex is minimal, reducing the current to 50% of its value at kcol = 0. When kcol
exceeds 1.0, an increasing part of the macro-particles are deflected to Gex t until, finally, at
kcol≥1.05 the energy of all particles is reduced so drastically by Vcol , figure 2.3 (h), that
none of them reaches the virtual anode. Instead, they are all caught on Gex t which is set to
ground potential.





k = 0colk = 0col
k = 0.50colk = 0.50col
k = 0.99colk = 0.99col
k = 1.05colk = 1.05col
Figure 2.3: In the left column, the particle trajectories in the vicinity of the emitter tips are shown
for an emitter bias voltage Vem of -72 V at different collimation voltages Vcol . kcol is given by the
ratio Vem/Vcol . In the right column, the corresponding potential distributions are presented.
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2.3 Results of the Particle Tracking
This section discusses the results achieved by calculating the particle trajectories for the
configurations given in table 2.1. All simulations with emitter tips of base length 1.5 µm
were simulated with and without the inclusion of space-charge effects. For the high-density
emitter tips with a base length of 150 nm, the Gcol radii were also divided by a factor of
ten. The most interesting results are presented in this sections and a full report of the
results for all configurations can be found in section D. The Gex t radius was set to 1.15µm
for all configurations with emitter tip base length 1.5 µm and 115 nm for those with
150 nm.










Table 2.1: Overview of the different configurations used in the simulation. For the high-density
emitter tips with 150 nm base length, the Gcol radii given here were also divided by a factor of ten.
To simulate the electron trajectories without the inclusion of space-charge effects, a constant
emission voltage Vem of -80 V was applied to the emitters. The extraction voltage Vex t
applied to Gex t was set to ground potential and the collimation voltage Vcol applied to Gcol
was set according to the ratio kcol = Vcol/Vem. The calculation of the electron trajectories
for a predefined range of kcol values was then carried out for the Gcol aperture diameters
and acceleration fields Facc listed in table 2.1.
As can be expected, the Gcol aperture diameter greatly influences the observable electron
beam properties. With the smallest simulated diameter of 2 µm, 40% of the emitted current
is trapped by Gcol when Facc is set to 25 kV/m and even at an Facc of 100 MV/m, 30% of
the current is trapped. For both of these Facc, the percentage does not decrease significantly
when kcol is increased from 0 to 0.5. This behaviour is observed to a lesser degree also
with larger Gcol diameters up to 5 µm above which no current is intercepted by Gcol at
any values of kcol and Facc (see figure D.2 in the appendix). The collimation gate could, in
principle, be employed as a beam blind when the aperture diameter is sufficiently small,
thereby achieving a small beam spot size with a small transverse velocity spread. Due to
the massive current reduction, however, no current density increase can be achieved in
this way and the level of the current reaching the anode is too low for high-brightness
applications. The Gcol aperture diameter also influences the field at the emitter apex when
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a high acceleration gradient is applied. For Facc equal to 100 MV/m, the emission current
at kcol = 0 is increased by a factor of ∼4.5 from 2.08 nA at a Gcol aperture diameter of
2 µm to 9.45 nA at a Gcol diameter of 7 µm. No such influence is found in the case of
the lowest Facc of 25 kV/m. The abstract collimation strength of a specific Gcol aperture
diameter can be quantified by the kcol value of the inflection point of the plotted curves for
the rms transverse velocity ut and the rms beam radius Rs which marks a cross-over (see
figures D.4 and D.5 in the appendix). This inflection point is shifted to higher kcol values
with increasing Gcol aperture diameter.
For the stacked double-gate structure, the maximum collimation is found for a Gcol aperture
diameter of 6 µm at kcol = 2.825 and Facc = 100 MV/m. With these parameters, the
calculated ut given as a fraction of the speed of light in vacuum c0 is equal to 4.71×10−5
and Rs is equal to 2.7 µm. Among the simulation configurations calculated in this work,
a unique behaviour is found for Facc = 100 MV/m in combination with a Gcol aperture
diameter of 4 µm (see figure D.6 in the appendix). In this case, the smallest transverse
velocity is achieved with kcol = −0.25. The values of ut/co and Rs equal to 5.98×10−5,
respectively, are nearly as good as in the previous case. However, due to the positive Vcol
applied in the second case, the emission current is maintained high and a ten times higher
current-density increase is achieved.
For the electron trajectory calculations including space-charge effects, Vem was adjusted for
each Facc in order to reach an emission current level of 10 µA. Due to the long calculation
times required by the gun iteration, [142] the simulation of the collimation characteristics
were limited to the Gcol aperture diameter of 7 µm. The maximal collimation was achieved
with Facc = 100 MV/m at a kcol of 3.85, resulting in ut/co and Rs values of 1.0×10−4
and 6.45 µm, respectively (see figure D.7 in the appendix). The current density at the
anode placed at a distance of 40 mm from the emitter structure was equal to 0.5 A/cm2
and the emission current level was 7 µA. The drop in the emission current level from
the 10 µA at kcol = 0 is due to the influence of Vcol on the emitter apex field. Assuming
completely uniform emission across a 2.28 mm diameter FEA with 40,000 emitter tips,
this results in a current density on the anode equal to 0.7 A/cm2 and a total current of
28 mA.
If the collimation characteristics can be conserved, a higher-density double-gate FEA
with an increased number of emitter tips per area can deliver higher current levels and
higher current densities. To test the feasibility of this approach, the originally modeled
structure was scaled down by a factor of ten except for the emitter tip apex radius of
curvature which was left unchanged at 10 nm. The simulation was then carried out for
different Gcol diameters and Facc as listed in table 2.1 and Vem was set to -50 V. For the
smallest Gcol aperture diameter, the same behavior as with the large structures can be
observed and the current is intercepted by Gcol . The maximum collimation was observed
at kcol = 1.375 with the largest Gcol aperture diameter of 0.8 µm at Facc = 100 MV/m,
yielding ut/co and Rs values equal to 1.6×10−4 and 10.3 µm, respectively (see figures
D.11 and D.12). These values are comparable to those observed with the larger structures,
meaning that the collimation characteristics only depend on the relative dimensions of the
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structure. If this is found to hold true in the experiment, a two orders of magnitude higher
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In this chapter the different fabrication methods used to prepare the double-gate FEAs are
presented. The pyramidal shape emitter tips are formed by creating square holes in a silicon
wafer and using an anisotropic wet-etching process. The mold is then filled with a sputtered
molybdenum film and electro-plated with a nickel substrate. Subsequently, the silicon wafer
is etched off completely. FEAs with sizes ranging from single tips up to 1.2×106 tips have
been fabricated with these methods. To fabricate gated arrays, a SiO2 insulator is deposited
by chemical vapor deposition. The molybdenum extraction gate electrode is sputtered on
top of the insulator and patterned by a self-aligned polymer etch-back method. Repeating
these fabrication steps, a stacked double-gate structure is created. Because of the required
large size ratio between the extraction and collimation gate aperture openings, the use of
the self-aligned method is impractical to pattern the collimation gate apertures. For small
FEAs of up to 20×20 emitters, a focused ion beam process can be used to mill through
the molybdenum electrode and for larger FEAs, an electron beam lithography process was
developed including automatic overlay alignment.
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3.1 Self-Aligned Fabrication of Single-Gate Field Emitter
Arrays
3.1.1 Fabrication of molybdenum field-emitter arrays
To fabricate arrays of molybdenum field-emitter tips, a molding technique invented by
Gray and Green [153] is used. It starts by patterning a photoresist mask on a 4 inch Si
(100) wafer with square holes of 1.5µm side length and a pitch of 5 or 10 µm. For the
double-gate FEAs, only the 10 µm pitch arrays can be used due to the large collimation
gate aperture Gcol (see section 3.2). The final size and shape of the emitters is the same
for both array pitches. Before spin-coating the wafer with photoresist, a 100 nm thick
thermal oxide layer is grown to serve as wet-etching mask. The photoresist is patterned by
photolithography and the mask is then transferred to the oxide by dry etching in CHF3
plasma using a reactive-ion etcher (RIE, Oxford RIE 100). The exact etching time is
recalibrated before each run by etching a dummy wafer and calculating the etch-rate
from the remaining oxide thickness measured in a reflectometer (Sentech, FTPadvance).
Then, the wafer is immersed into a 20% potassium hydroxide (KOH) solution heated to
70◦ C. Because the etching of Si in KOH is anisotropic, the slow etching rate along the






Figure 3.1: (a) Schematic cross-section of the (100) oriented Si wafer. The [111] direction is
oriented at an angle of 54.7◦ to the wafer surface and is etched much slower due to the anisotropic
etching properties of Si in KOH, leading to pyramidal pits when the substrate is patterned with
square holes. (b) SEM micrograph of the Si wafer after the KOH etching. The bright layer on top is
the thermal oxide etching mask.
The pit apex sharpness after the KOH etching is typically in the range of 50-100 nm. Since
this sharpness is ultimately transferred to the emitter tips, it is not sufficiently small. This
can be amended by thermally oxidizing the mold pits after removing the SiO2 layer that was
used as KOH etching mask. The slower oxide growth at the bottom of the pits due to stress
dependent O2 diffusion [154, 155] sharpens the pit apexes down to a few nanometers.
On the downside, this second oxidation step also sharpens the side joints of the [111]
facets, figure 3.4 (b), which can potentially cause parasitic emission bombarding the
edge of the Gex t aperture. Additionally, spikes grow at the topmost edge of the pits which
introduce complications in the gate fabrication process described in section 3.1.2 by causing
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concave edges at the bottom of the emitters. Adding a third oxidation layer, see figure 3.2,
diminishes these problems. [37,55] After the removal of the second oxide layer, the mold
wafer is oxidized yet again, resulting in smooth facet joints of the pyramidal emitter tips
while still producing apexes with radii of curvature of a few nanometers, figure 3.4 (a).
The final shape of the emitters and the radius of curvature of their apexes depends on the
thicknesses of the second and third oxide layers. These are typically chosen to be 200 nm
and 600 nm, respectively, which results in apex radii of curvature in the range of ∼5-10 nm,
see also section 4.2. These oxide thicknesses are the result of carefully optimizing the








Figure 3.2: (a) Schematic cross-section of the Si mold after thermal oxidation. (b) SEM micrograph
of the Si mold after oxidation. Due to the stress dependent O2. diffusion, the thermal oxide grows
slower at the bottom of the pits which leads to sharper emitters.
The process continues by metalizing the oxidized Si mold wafer with a 1 µm thick molyb-
denum film, figure 3.3, from which the electrons are drawn in the emission experiments.
This is done by magnetron sputtering using high-purity (≥ 99.999%) argon gas in a sput-
ter deposition equipment (Nordiko). The flow rate of the argon gas was optimized to
deliver a pressure of 1.6×102 Pa at a sputtering current of 1.5 A. With these parameters,
the stress of the molybdenum film (calibrated by observing the bending of a low-stress
Si3N4 cantilever upon deposition of the molybdenum film) is minimal. The use of a
large sputter target (100× 200 mm2) reduces shadowing within the molded pits across
the 4 inch wafer, thus allowing for a uniform metallization of the mold pits at room
temperature.
The base pressure of the sputtering chamber is ∼2× 10−4 Pa, leading to the incorporation
of about 10% O2 into the film as was measured by X-ray photoelectron spectroscopy.
Nevertheless, using high-purity argon gas, the resistivity of the molybdenum film was
reduced to∼ 10×10−6Ωcm at room temperature, which is only twice the value exhibited by
pure bulk molybdenum. High resolution scanning electron microscopy and X-ray diffraction
revealed that the molybdenum film consists of ∼50 nm wide columnar grains oriented
perpendicular to the surface of the pits, figure 3.3 (b). Since the growth speed of these
grains is not exactly uniform, the surface corrugation eventually shadows the molybdenum
flux to the bottom of the pits and a cavity with a diameter in the order of tens of nanometers
is left 100-200 nm beneath the emitter apex. It is unknown whether this has any influence
on the performance of the FEA. The incorporation of nitrogen gas into the chamber during
sputtering results in a smoother surface of the molybdenum film and is especially interesting
for the fabrication of FEAs with submicron tips. [156]








Figure 3.3: (a) Schematic cross-section after the molybdenum sputtering. (b) SEM cross-section
after sputtering 500 nm of molybdenum. The thermal oxide layer is used to protect the molybdenum
during the subsequent wet-etching to remove the Si wafer.
On the sputtered molybdenum, a 100 nm thick chromium adhesion layer and a 200 nm
thick palladium layer are deposited by electron beam evaporation. The palladium functions
as a seed layer for the electro-plating of a 400 µm thick nickel layer which serves as
substrate after the removal of the Si mold wafer. It has a negligible series resistance of
< 10−3Ωcm. After the Ni electro-plating, the silicon substrate is completely removed by
chemical etching in a heated KOH solution with the same conditions as used for etching the
mold pits. The third oxidation layer on the mold protects the surface of the molybdenum
layer during the etching. At the end, arrays of pyramidal shaped molybdenum emitters
with a base length of ∼1.5 µm are obtained. A close-up of a single emitter is shown
in figure 3.4 for the case where the third oxidation was carried out, figure 3.4 (a), and
also for the case where the molds were filled after the second oxidation step, figure 3.4.
Despite the clear difference in the sharpness of the facet joints, the emitter tip apexes in
both insets have radii of curvature in the same order. Before the fabrication of the gate
electrodes, the FEA wafer is diced into 22×22 mm chips using a diamond blade saw. With
the current photolithography mask generation, 12 such chips are patterned on each 4 inch
wafer. All further process steps are carried out on these chips. Due to the nature of the
Ni growth during electro-plating, the layer thickness varies at the wafer edge which can
lead to problems during the overlay alignment in the electron beam lithography step (see
also section 3.2.3). For this reason, it is planned to adapt the FEA fabrication process and
equipment to 6 inch Si wafers. Details on the parameters used for each fabrication step are
given in section B.1




Figure 3.4: (a) Top-view SEM micrograph of an emitter tip from a triple oxidized Si wafer mold with
smooth facet joints and sharp apex (inset). (b) Top-view SEM micrograph from a double oxidized
Si wafer mold emitter tip with sharp facet joints from which parasitic emission could occur. In the
inset, a close-up of the emitter apex is shown.
3.1.2 Extraction gate fabrication
After the sawing, the thick photoresist layer that was spin-coated beforehand is removed
in acetone and isopropanol. This step is also important to remove sawing residue from
the chip surface that could later lead to short circuits between the emitters and Gex t . The
third thermal oxidation layer that was used both as etching mask during the KOH etch
removal of the Si mold wafer and as protective layer during the sawing is now removed by
chemical etching using a buffered oxide etch solution (BOE 7:1; NH4F and HF in water).
Plasma enhanced chemical vapor deposition (PECVD, Oxford PlasmaLab System 80) is
then used to deposit a 1.2± 0.05µm thick SiO2 insulator layer (I1). The SiO2 deposition
rate is calibrated before each fabrication run by measuring the layer thickness deposited
on a silicon substrate in a reflectometer. On top of this, 500± 20 nm of molybdenum are
deposited, forming the Gex t layer. This sputter deposition is carried out with the same
process parameters as for the mold metalization (see section 3.1.1). The resulting structure










Figure 3.5: (a) Schematic cross-section of an emitter with insulator layer I1 and the unpatterned
extraction gate layer Gex t . (b) SEM micrograph showing the Gex t layer on top of an emitter tip.
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After the deposition of the I1 and Gex t layers, the chip surface exhibits ∼ 500 nm tall
protrusions on top of the emitters, figure 3.5. These protrusions are utilized in a self-
aligned polymer etch-back process to pattern the Gex t apertures. First, a ∼ 4µm thick
photoresist (PR, Microposit S1828) is spin-coated on top of Gex t at 2000 rpm and soft-
baked at 90◦ C for 5 min, figure 3.6 (a). Subsequently, the PR-coated FEA is submitted
to a low power oxygen plasma (RIE Oxford PlasmaLab System 80) that uniformly thins
the PR layer until the molybdenum on top of the emitters is exposed, figures 3.6 (b) and
(c). The diameter of the exposed area can be varied between approximately 1 µm and
2.5 µm in diameter by adjusting the time and power of the O2 plasma etching. With the
current parameters of a pressure of 250 mTorr and a power of 50 W, 1.8 µm are reached in
approximately 60 min.
The planarity of the spin-coated S1828 is sufficient for the area of a 22×22 mm chip. To
have the possibility to process complete wafers at once, Poly methyl methacrylate (PMMA)
- a resist commonly used in electron beam lithography - was investigated. [157] Since
PMMA is a thermoplastic resist, a reflow effect takes place when it is heated above its
glass transition temperature and the planarity of the layer is increased. Using 20% PMMA
with a molecular mass of 25 K in Ethyllactate, a 2.6µm thick layer was spin-coated on
a single-gate FEA and baked at 180◦ for 12 h. The resultant variation in Gex t aperture












Figure 3.6: (a) Single-gate FEA with unpatterned Gex t and photoresist (PR) spin-coated on top. (b)
The PR is removed on top of the emitter tips after being exposure to a low-power O2 plasma. (c)
SEM micrograph showing Gex t still coated with PR on the flat surface but cleared on the protrusion
above the emitter tip.
After the plasma etching, the thinned-down PR is then used as mask for the chemical
etching of the Gex t apertures in an acid solution (H3PO4, CH3CO2H, and HNO3 in 20%
water). The resultant structure is shown in figure 3.7 (b). To produce double-gate FEAs, I1
which covers the emitters at this step is left as protection from ambient air and particles.
After the aperture etching, Gex t is patterned into its final shape by photolithography and
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wet-etching, see also figure 4 in section 5.1. In a completed double-gate FEA, the Gex t
electrode is buried underneath the collimation gate electrode Gcol except for the contact
pad used for wire bonding, see section 3.2. Details on the parameters used for each






Figure 3.7: (a) After thinning, the PR is used as etching mask (b) Finished single-gate device. When
fabricating double-gate FEAs, the SiO2 insulator remains unetched at this step.
3.2 Fabrication Methods of Double-Gate Field Emitter Arrays
In this section, three methods to fabricate the Gcol aperture for stacked double gate FEAs
are described. After patterning of the Gex t electrode, a second insulator layer I2 of 1.2 µm
thickness is deposited on top by PECVD. To reduce the undercut in the final BOE etching
step, I2 consist of SiON which has a slower etch-rate than the SiO2 used for I1. Atop of I2,
the 500 nm thick molybdenum Gcol layer is sputtered with the same conditions as used for
the fabrication of Gex t and the emitter substrate.
For the Gcol aperture opening, the self-aligned polymer etch-back method that is employed
to fabricate the Gex t apertures can also be applied, although the range in achievable
aperture diameters is limited to ® 3.5µm. With a focused ion beam (FIB) assisted process,
the geometry and size of the Gcol aperture openings is freely choosable. This method is
well suited for rapid prototyping of FEAs with a small number of emitters but impractical
for the use on large FEAs due to the required milling time (e.g. ∼ 90 s per circular aperture
of 6 µm diameter). Using electron beam lithography solves the FIB related problem of long
fabrication times by providing a fast alternative to pattern the Gcol apertures by selectively
exposing a resist on top of the structure and also offers complete flexibility in geometry.
However, a method of aligning the exposed resist pattern to the underlying structures is
necessary.
After the Gcol apertures have been opened by any of the above methods, the Gcol electrode
is patterned into its final shape by photolithography and wet-etching, see figure 4 in
section 5.1. The final step is the removal of the I1 and I2 insulator material covering the
emitter tips, which is usually done just before inserting the sample into the measurement
chamber. In this way, the emitters are protected to minimize their exposure to the ambient
air.
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3.2.1 Self-aligned polymer etch-back method
The fastest method to pattern the Gcol apertures is the application of the self-aligned
polymer etch-back process that was used for the patterning of the Gex t apertures. It allows
the processing of arbitrarily large FEAs at once. The achievable aperture diameters are,
however, limited to ® 3.5µm and the geometry is defined by the underlying layers. With
this method, 40×40 emitter tip FEAs were fabricated with Gex t and Gcol aperture diameters
of 1.2µm and 3.5µm respectively and their electron beam collimation characteristics
measured in a field emission microscope (FEM). Due to the large ratio of the Gex t and Gcol
aperture diameters, the emission current could be largely upheld during collimation but
only a marginal current-density increase was achieved. [76]
3.2.2 Focused ion beam assisted process
As is explained in sections 4.2 and 5.1, the Gcol apertures need to be approximately 3 times
larger in diameter than the Gex t apertures to minimize the emission current reduction
under collimation conditions. With the self-aligned polymer etch-back process, see also
sections 3.1.2 and 3.2.1, this is difficult to achieve in a reproducible way because the
required diameter is larger than the protrusions on top of the emitter tips obtained after
the deposition of the I2 and Gcol layers. Moreover, a circular geometry is preferred for the
Gcol apertures because it collimates the beamlets more evenly than the squarish apertures
obtained by the self-aligned process, see figure 1 (b) in section 4.1, resulting in a higher
current-density increase.
An alternative method was developed using FIB milling with Ga ions (FEI Strata DB 235).
Preliminary experiments showed that direct milling through the Gcol electrode renders the
underlying SiON insulation layer inert to BOE which might be due to the implantation
of Ga ions. To circumvent this problem, the Gcol electrode is only milled to half of its
thickness and the rest is subsequently removed by chemical etching. This process requires
two sacrificial layers added on top of the FEA: 750 nm of SiO2 and 100 nm of Mo. In figure
3.8 (a), the milling process is illustrated schematically. The Ga ions (red spheres) bombard
the surface and remove atoms with a material dependent rate. The milling is done in an
iterative process where the Ga beam is deflected to create a spiraling path from the outside
of the circle to the center. When the beam reaches the center it is blanked and the milling
is resumed at the initial starting position until the required milling depth is reached. This
milling pattern was chosen to minimize the implantation of Ga ions and the deposition
of sputtered atoms on the side walls. In figure 3.8 (b)-(e), a series of SEM micrographs
show the sample at distinct phases during the milling process of a square pattern (the
seemingly rectangular form is due to the tilt of the SEM column): (b) the protrusion on
top of an emitter tip is visible before the milling is started. (c) At a depth of 100 nm, the
sacrificial Mo layer is almost completely milled through and the square pattern starts to
become visible. As mentioned above, circular apertures are advantageous; these square
patterns were used to calibrate the milling rate in the sandwiched SiO2-Mo structure. (d)
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After reaching a depth of 200 nm, the redeposited material of the topmost Mo layer is
completely removed and the milling continues in the sacrificial SiO2 layer. (e) When half








Figure 3.8: (a) Schematic overview of the FIB assisted Gcol fabrication. When the focused Ga beam
(red spheres) impinges on the surface, atoms are sputtered (gray spheres) with a rate depending
on the material. The milling is stopped when half of the Gcol electrode thickness is milled. (b)-(e)
SEM micrographs taken during the milling process at depths of 0 nm, 100 nm, 200 nm and 500 nm,
respectively. The milling depth is calibrated for Si and does not represent an exact value for the
samples used here. Since, compared to pure Si, SiO2 is milled faster and Mo is milled slower, both
sacrificial layer and half of the Gcol electrode are milled at a nominal depth of ∼ 500 nm.
In the next step, the Gcol aperture opening is completed by chemically etching through the
remaining thickness using an acid solution, figure 3.9. The sacrificial SiO2 layer functions
as etching mask and the sacrificial Mo layer is removed. The sacrificial SiO2 is removed
in the final step in BOE together with the insulator material on top of the emitter tips.
Because of the sacrificial layers, the Gcol electrode has to be patterned into its final shape
before the FIB milling. The discontinuous layer does not lead to charging during the milling
process which is ascribed to the large pattern size (2.5× 0.75 mm are used for the 20× 20
FEAs, see also figure 4 (d) in section 5.1. This large pattern is also of advantage during the
experiment as the bonding wires can be placed at large enough distance of the FEAs to
minimize the influence on the electron beam.
No automatic alignment algorithm is used in this process. After switching the device to
SEM mode, the milling patterns are aligned manually to the protrusions visible on top of
the emitter tips. The use of a pattern generator allows, in principle, for the milling of large
FEAs. However, with an FIB milling time of approximately 90 s for each 6 µm diameter
aperture with an ion current of 1.5 nA, this amounts to a total FIB milling time for a 20×20
tip FEA of approximately 10 hours without including the time required for stage movements
and drift correction. Images of FEAs with Gcol apertures fabricated by FIB are shown in
sections figure 1 in section 4.2 and figure 4 in section 5.1.
This FIB process allows rapid proto-typing of FEAs with different aperture sizes without the












Figure 3.9: (a) After FIB milling, the remainder of the Gcol aperture is opened by wet-etching using
the sacrificial SiO2 layer as mask. (b) In the final step, the insulator material covering the emitter
tips is removed in BOE which also removes the sacrificial SiO2 layer.
need to modify the preceding fabrication steps in depth. Its high flexibility makes the FIB
an ideal tool for exploring the correlation between the gate aperture sizes and the electron
beam collimation characteristics. Nevertheless, due to the slow milling speed, the fabrica-
tion of large FEAs with thousands of emitter tips is unrealistic. Details on the parameters
used for each fabrication step are given in section B.3
3.2.3 Electron beam lithography with automatic overlay alignment
Even though the focused ion beam assisted process is able to produce FEAs with excellent
collimation characteristics as shown in sections 4.2 and 5.1, the stringent requirements of
the SwissFEL project [4,5] demand arrays with up to millions of emitter tips to reach the
necessary high current. Because of the large ratio of the Gcol and Gex t aperture diameters
necessary for the creation of high current-density electron beams, the self-aligned etch-back
process, described in section 3.2.1 is not suitable for this task. Therefore, a new method
using electron beam (e-beam) lithography was developed.
In electron beam lithography, the electron wavelength is so small that the achievable
resolution is no longer defined by diffraction, contrary to conventional optical lithography.
It is mainly limited by the scattering of electrons in the resist and substrate and the
development of the resist after exposure. [158] These electron scattering effects are
commonly referred to as the proximity effect (PEC) and cause exposure of the region
surrounding the impact area of the electron beam. [159] With the double-gate FEAs used
in this work, the Gcol apertures had a diameter of ∼ 6µm and the array pitch was 10 µm.
Although this is nowhere near the resolution limit, a dose variation had to be introduced
for PEC. This is determined by using a Monte-Carlo algorithm (PENELOPE, Ref. [160])
to calculate the interaction of the electrons with the FEA substrate during exposure. The
pattern to expose is designed in a scripting language (see appendix C for a sample defining
various arrays of 4 µm diameter circular apertures) optimized for the input of periodical
structures that can then be read and used for exposures by the e-beam software (Layout
BEAMER Ref. [161]). This software allows for different exposure strategies to optimize the
quality of the exposure and also incorporates the results of the PEC into the calculation of
the relative dose. The absolute dose and beam current are defined in a software package
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called CJob that transforms the data to the binary format expected by the pattern generator
hardware. [162]
Using high-throughput e-beam lithography with 100 keV beam energy (Vistec EBPG5000Plus),
a high-sensitivity positive e-beam resist is selectively exposed (ZEP 520A, Zeon Corp.).
Prior to the exposure, the resist is spin-coated on top of the FEA at 2000 rpm and soft-baked
at 180◦ C for 180 s resulting in a ∼ 500 nm thick layer, figure 3.10 (a). The I2 insulator and
Gcol electrode layers are deposited beforehand as described in section 3.2. The subsequent
development of the resist is done with a specialized developer (ZED-N50, Zeon Corp.),
figure 3.10 (b). Using the patterned resist as etching mask, the Gcol apertures are opened
by wet-etching, figure 3.10 (c). Before the wet-etching, the sample is exposed to oxygen
plasma for 100 s to remove resist residues on the exposed and developed surface of the
Gcol layer. In the final step, the I1 and I2 insulator material on top of the emitter tips is
removed, figure 3.10 (d). With this developed e-beam lithography fabrication method,


































Figure 3.10: Steps to fabricate the Gcol aperture. (a) Spin coat positive resist on top of collimation
gate. (b) Expose resist on top of emitters, using markers for alignment. (c) Develop resist and use it
as etching mask for the collimation gate aperture. (d) Removal of the oxide layers covering the tips
by wet-etching.
In contrast to the FIB assisted Gcol fabrication where manual alignment is used, e-beam
lithography requires an automatic alignment method using topographical markers. These
markers are fabricated simultaneously with the emitter tips during the molding step and
consist of truncated pyramids with side lengths of 10±0.1µm on the bottom and 6±0.1µm
on the top, figure 3.11 (a). Because of the high electron energy of 100 keV, these markers
can be found also when covered by the I2 and Gcol layers. It is, favorable to have a
continuous conducting layer (Gcol) on top of the alignment markers because it reduces
the number of fabrication steps necessary. The markers are placed in sets of four on all
3.2 Fabrication Methods of Double-Gate Field Emitter Arrays 32
edges of the 22× 22 mm chip and also on the edges of each FEA on the substrate. The
outermost markers are then used for coarse alignment which is fine-tuned before the
exposure of each FEA by using three markers lying closest to it. Using three markers
for alignment allows for the correction of the keystone effect (distortion due to a tilted
sample relative to the beam axis) next to rotation and stress related changes of the sample
size.
Using an optical microscope calibrated to the coordinate system used during the exposure,
the approximate coordinates of the alignment markers are noted and passed to the pattern
generator as parameters, before starting the exposure. Alignment markers on the sample
holder are used to calibrate the coordinate system automatically inside the chamber. The
markers for coarse alignment are then searched by moving to the positions given by the
user. If the marker is found at once, the position of its center is calculated by using the
abrupt change in contrast when passing from the planar top surface to a side wall of the
truncated pyramid or vice-versa. If no marker should be found at the expected position, it is
searched by a spiraling motion as shown in figure 3.11 (b). The search starts at the marker
coordinates input by the user (square S) and moves outward until either the marker is found
(square E) or the maximum search area has yielded no result. Details on the parameters











Figure 3.11: (a) SEM micrograph of a molded molybdenum alignment marker fabricated together
with the emitter tips. The side length is 10± 0.1µm on the bottom and 6± 0.1µm on the top. (b)
Schematic illustration of the spiral search algorithm applied for the marker search.
Chapter 4
The Influence of the Gate Structure on the
Collimation Properties
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In the manuscripts presented in this chapter, the influence of the collimation gate aperture
diameter on the performance of the double-gate FEAs in terms of achievable current density
increase and beam size reduction is investigated. Measurements carried out with a 40×40
emitter tip FEA with Gcol aperture openings fabricated by a self-aligned polymer etch-back
process have demonstrated that large Gcol apertures favorably influence the reduction of
the emission current under collimation conditions. When the two gate electrodes were set
to the same potential, the emission characteristics of the double-gate device were equal to
those of a single-gate device fabricated with the same parameters that showed an emission
current of ∼1 mA with 40×40 emitter tips.
A focused ion beam milling process was then established and used to fabricate double-gate
FEAs with a ratio of approximately 3:1 in Gcol and Gex t aperture diameters. With a 2×2
double-gate FEA, a reduction of the emission angle by a factor of 7.1±0.8 with minimal
emission current decrease under collimating conditions was demonstrated, resulting in a
current density increase of a factor of 13.9±1.0.
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Field-Emission Characteristics of Molded
Molybdenum Nanotip Arrays With
Stacked Collimation Gate Electrodes
Soichiro Tsujino, Senior Member, IEEE, Patrick Helfenstein, Eugenie Kirk,
Thomas Vogel, Conrad Escher, and Hans-Werner Fink
Abstract—Double-gate field-emission characteristics of metallic
field-emitter-array (FEA) cathodes fabricated by molding with
stacked collimation gate electrodes with planar end plane are
reported. The collimation of field-emission electron beam with
minimal reduction of emission current is demonstrated when a
negative bias is applied to the collimation gate, whereas when
the two electrodes are at the same potential, the emission char-
acteristic of the double-gate device is the same as that of the
single-gate device that shows an emission current of ∼1 mA from
40 × 40 tip arrays. Results indicate that the device structure of
the fabricated double-gate FEAs is promising for high-brilliance
cathode applications.
Index Terms—Collimation, double-gate field-emitter arrays
(FEAs), electron emission, high brilliance, metallic emitters,
molding.
I. INTRODUCTION
DOUBLE-GATE field-emitter-array (FEA) cathodes hav-ing a collimation gate electrode Gc stacked on top of the
electron extraction gate electrode Gex have been studied in the
past for the purpose of eliminating pixel-to-pixel cross talk in
field-emitter displays [1]–[3], for field-ionizer applications [4],
and for electron-beam lithography applications [5]–[7]. One
other research goal is to achieve the performance requirement
with a double-gate FEA for the cathode of a compact free
electron laser with subnanometer wavelength, such as Swiss-
FEL X-ray free electron laser, as described in [8]. In fact,
FEAs can be competitive with the state-of-the-art photocathode
[9], [10] when the angular spread Δθ of individual beams is
reduced below ∼1◦ while keeping the average current density
above ∼1 kA · cm−2, as demonstrated in single-gate devices
[11]. Δθ can be reduced in double-gate FEAs by applying
a negative bias Vc to Gc with magnitude comparable to the
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Fig. 1. (a) Scanning electron microscope image of the double-gate FEA
cathode with 40× 40 tips. The emitters are aligned with 5-μm pitch. (b) High-
resolution image of one of the emitters from (a). The apex of the molybdenum
emitter can be seen as the bright spot inside the extraction gate aperture.
positive electron extraction bias Vex applied between Gex and
emitters, as reported in the literature [1]–[7]. However, since
the negative Vc can reduce the electric field Fapx at the tip
apex and the emission current, the optimization of the device
structure minimizing the influence of Vc on Fapx is crucial.
For the high-brilliance applications in an acceleration gradient
on the order of 100 MV/m, device structures with minimal
protrusion are preferred to prevent the parasitic breakdown. Our
previous approach [12] based on the molded FEAs having the
stacked double-gate electrodes showed successful operation of
the device, but the emission current decreased substantially by
negative Vc. In this letter, we therefore explore the improved
field-emission current–voltage characteristics of double-gate
FEAs in modified gate aperture geometry.
II. SAMPLE AND EXPERIMENT
We fabricated single-gate FEA devices, namely, SG1 and
SG2, and a double-gate FEA, called DG, having 40 × 40 tip
array (Fig. 1). SG1 was fabricated using an FEA wafer with an
apex diameter aapx of ∼10 nm. SG2 and DG were fabricated
using an FEA wafer with aapx of ∼20 nm. In addition, a 4 ×
4 tip double-gate FEA was fabricated together with DG. The
FEA wafers were fabricated by the molding method [12]–[15]
supported by 0.4-mm-thick electroplated nickel. The emitters
have 1.5-μm-square base size and ∼1.2-μm height, aligned
with 5-μm pitch in the arrays. A Gex layer was 0.5-μm-thick
Mo film separated from the arrays by 1.2-μm-thick SiO2 film
deposited by plasma-enhanced chemical vapor deposition. For
the double-gate FEAs, a Gc layer of 0.5-μm-thick Mo was
added on top of the extraction gate separated by 1.2-μm-
thick SiON. The diameter of Gex apertures of SG1 and SG2
was equal to 2.3± 0.1 μm. The aperture diameters of DG
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Fig. 2. Field-emission characteristics of the double-gate FEA DG with 40 ×
40 emitter tips. (a) Anode current Ia as a function of the bias voltage Vge
applied between the extraction gate Gex and the emitter for several collimation
gate biases Vc between 60 and −60 V. (b) Variation of Ia, the emitter current
Iem, and the collimation gate current Ic, when Vc was varied between−70 and
70 V when Vge was fixed at 106 V.
were equal to 1.2± 0.1 μm for Gex and 3.5± 0.1 μm for
Gc, respectively. The details of the fabrication procedure were
described elsewhere [12].
The field-emission characteristics were measured in the set-
ups shown in Fig. 3(a) and (b). The field-emission microscopy
experiment was conducted in a separate dedicated system,
where the electron beam was amplified by a multichannel
plate and imaged by a phosphor screen, Fig. 4(a). The screen
assembly was separated from the devices by 30 mm.
III. RESULTS AND DISCUSSIONS
Fig. 2(a) shows the Ia–Vge characteristics of DG for Vc
between−60 and 60 V measured in the setup shown in Fig. 3(a)
and (b). When we increased Vc negatively, the Ia–Vge char-
acteristic shifts toward the larger Vge direction because of the
decrease of Fapx with negative Vc. However, the sensitivity of
Ia to Vc is five orders of magnitude weaker than that to Vge.
Fig. 2(b) shows the Ia, the current Iem injected to the emitter
substrate, and the current Ic through Gc. We observe tendencies
that Ic increases faster than Ia and Iem for positive Vc and a
slight increase of Ic with the decrease of Vc for Vc below−20 V.
The former can be ascribed to the increased capture of the field-
emission electrons by Gc, while the latter can be ascribed to
field emission from the Gex edges to Gc, as observed in [16].
Nevertheless, Ic, as well as the difference between Iem and Ia,
is less than 5% of Ia for Vc below 0 V; the capture of the field-
emission electrons by Gex and Gc is minimal, and the gate leak
currents are small.
The observed emission current characteristic fits well to Ia =
AV n exp(−B/V ), with n equal to two [17] and with the total
effective bias voltage V equal to (Vge + γVc), where γ is the
contribution of Vc to the apex field. From the result of Fig. 2,
we evaluated γ to be equal to 0.17 ± 0.014. The evaluation
error represents the bound that the rms spread of the quantity
ln(Ia/V
2) is below 4% when V is equal to 60 V for Vc between
Fig. 3. Schematic diagram of the measurement setup of (a) single-gate FEAs
and (b) double-gate FEA. The FEAs and the anode (separated by 10 mm)
were mounted in the vacuum chamber (background pressure of ∼10−9 mbar),
represented by the enclosed area. (c) Anode current Ia versus extraction gate-
emitter bias Vge for two single-gate FEAs, namely, SG1 and SG2, and a double-
gate FEA, called DG, with the bias Vc at the collimation gate Gc fixed at 0 V.
All the devices have 40 × 40 emitters. SG1 was fabricated using an emitter
array with emitter apex diameter of ∼10 nm. SG2 and DG were fabricated
using arrays with an emitter apex diameter of ∼20 nm.
−70 and +70 V. The observed value of γ is comparable to the
theoretical parameter γ(th) given by (1 + Dc/Dex)−1 that is
equal to 0.18± 0.01, obtained from the device geometry, where
Dex and Dc are the distances between the emitter apex and Gex
and Gc, respectively. Here, γ(th) was derived by assuming that
Fapx is proportional to [Vge/Dex + (Vc + Vge)/Dc]. We also
note that the previously reported double-gate device [12], which
was fabricated from the same emitter array as DG and exhibited
a reduction of Ia by a factor of 103 for Vc of−70 V, had a factor
of ∼3 larger Dex/Dc ratio and γ-value than the present device.
This is consistent with the aforementioned analysis.
In Fig. 3(c), we compare the Ia–Vge characteristics of DG
with Vc equal to 0 V with two single-gate devices. All three
devices have 40× 40 emitter arrays. We observed that the Ia of
the single-gate devices reaches ∼1 mA at a Vge of 130–150 V.
The maximum Ia of DG was somewhat lower due to the
premature failure of the device, but its Ia–Vge characteristic
is same as that of SG2 within ∼5 V of Vge. This shows the
uniformity of the single- and double-gate fabrication processes
over the 40 × 40 tips.
Finally, to study the effect of Vc on the electron-beam colli-
mation, we measured the beam profile in low current regime,
Fig. 4, using the double-gate device having 4 × 4 emitters.
Similar to the large array device, the decrease of Iem for the
4 × 4 emitter array was 20% when Vc was decreased from
0 to −70 V, Fig. 4(d). Fig. 4(b) shows that, when Vge was
fixed at 86 V, the beam exhibited the emission angle Δθ of
(20± 3)◦ for Vc larger than −30 V. Δθ was evaluated from the
full-width at half-maximum of the intensity distribution of the
phosphor screen image and the screen-FEA distance D. This
value is consistent with the previous observation for single-gate
Spindt-type FEAs [18], [19]. When Vc was further decreased to
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Fig. 4. (a) Schematic diagram of the electron-beam imaging experiment setup
for the double-gate FEA with 4 × 4 emitters with a fixed Vge of 86 V.
(b) and (c) show the result for Vc that is equal to −10 and−62 V, respectively,
when the distance D between FEA and screen was equal to 30 mm. The bars
indicate 10-mm length on the screen. (d) Relation between Iem and Vc during
the measurement.
−62 V, Δθ was decreased to (2.3± 0.4)◦ in one direction. The
asymmetry and distortion of the collimated beam shape should
be improved by careful design of the electrode shape [20] and
by elimination of the parasitic field due to the screen assembly,
extraction gate, electrical contact assembly of the FEA mount,
and aperture shapes in future experiments. A detailed analysis
of the observed collimation characteristic and its comparison
with theory will be described elsewhere [21].
In summary, we have shown that, by engineering the aperture
sizes, it is possible to collimate the field-emission electron beam
while minimizing the emission current reduction in double-
gate FEAs with stacked Gc with planar end plane. Further
optimization of the device structures, such as the gate electrode
thicknesses [7], gate insulator thicknesses, and gate aperture
sizes, is the next subject of research.
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Highly collimated electron beams from double-gate field emitter arrays
with large collimation gate apertures
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Electron collimation in field emitter arrays with electron extraction gate and collimation gate
electrodes is studied with the goal to develop a high-brightness high current cathode. Using metallic
field emitter arrays prepared by the molding method, we fabricated a stacked double-gate device
with the two gates differing in diameter by a process utilizing focused-ion beam milling. We
measured the field-emission beam characteristics and demonstrated a reduction of the emission
angle by a factor of 7.10.8 with minimal emission current decrease under collimating conditions,
resulting in a current density increase by a factor of 13.91.0. © 2011 American Institute of
Physics. doi:10.1063/1.3551541
Double-gate field emitter arrays FEAs have been stud-
ied for high-brightness cathode applications.1–4 Microwave
vacuum electronic devices using single-gate FEAs, which
allow for a compact and simplified gun design, have been
successfully demonstrated.5–8 However, a high current den-
sity field-emission electron beam with reduced transverse
electron velocity spread is a crucial factor in extending the
FEA-based vacuum electronic device technology to higher
power densities and frequencies in the terahertz gap.9,10
In double-gate FEAs, microfabricated field emitters are
equipped with an electron extraction gate Gext and a collima-
tion gate Gcol. By applying a negative bias to Gcol, the field-
emission electron beam can be collimated.11–19 The reported
structures differ in terms of location of Gcol with respect to
Gext, as well as in the number of emitters per single Gcol
aperture. Among these, stacked double-gate devices provid-
ing a Gcol aperture for individual emitters exhibit the smallest
electron beam emission angle. Toma et al.17 reported a factor
of 15 beam size reduction, but it was accompanied by the
decrease of the emission current by a factor of 103. With
volcano-structured double-gated FEAs, electrostatic shield-
ing of the emitter tip from Gcol in a nonplanar configuration
largely prevented current reduction.19 Although this approach
is promising for specific applications such as miniature elec-
tron guns for lithography or field-emission displays, device
structures with a planar top surface are desirable for applica-
tions with high acceleration field strengths such as free elec-
tron lasers.2
In this letter, we report the fabrication and characteriza-
tion by field-emission microscope FEM of double-gate
FEAs with a planar top surface and different gate aperture
diameters, which can minimize current reduction at high col-
limation voltages.4 By developing a focused-ion beam FIB-
assisted gate fabrication process and applying it to our
molded molybdenum FEAs, we achieve a large reduction in
emission angle accompanied by an increased current density.
Our molybdenum FEAs were fabricated by the molding
method using silicon 001 wafer substrates.20 The molybde-
num emitters with tip apex diameters of 10–20 nm have a
square base with a side length of 1.5 m and a height of
1.2 m. The emitter arrays are supported by 400 m of
electroplated nickel. The Gext apertures were fabricated by a
self-aligned etch-back and wet-etching process,20 which
leads to square apertures with rounded corners. The achiev-
able extraction gate radii—characterized by the distance
from the tip to the closest point of Gext—lie in the range of
1.8–2.5 m. For the fabrication of the Gcol apertures, we
developed an FIB-assisted process. These were fabricated by
FIB milling of a sacrificial mask layer and subsequent wet-
etching of the molybdenum Gcol layer. This enables us to
flexibly adjust the Gcol aperture size and shape. Figure 1
shows scanning electron microscope SEM micrographs
of the fabricated device. In the experiment described below,
we used 22 arrays with 10 m separation between tips
and Gext and Gcol aperture radii of 1.150.05 and
3.110.05 m, respectively. After gate aperture fabrica-
tion, the Gcol electrode was patterned into a 1.2 mm diameter
circular shape.













FIG. 1. Color online SEM micrographs of a double-gate FEA. a Top
view and c cross-section. b Schematic diagram corresponding to the
cross-section shown in c. The shaded layers I1 and I2 are the
1.20.1 m thick SiO2 insulators. Gext and Gcol diameters are 2.300.05
and 6.220.05 m, respectively. The inlay in a shows a transmission
electron microscope TEM image of the emitter tip apex.
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The schematic setup of the FEM experiment is depicted
in Fig. 2. The FEA chip was mounted on a polyether ether
ketone holder and inserted into the FEM chamber which was
evacuated to 510−8 mbar. The gate electrodes of up to
three double-gate FEAs were wire bonded and connected to
electrical feedthroughs. Field emission was initiated by ap-
plying negative voltage Vem to the emitters while connecting
Gext to ground potential. The extracted electron beam was
collimated by applying negative voltage Vcol to Gcol. We
placed the FEA chip at a distance of 40 mm to the micro-
channel plate MCP and the phosphor screen. The emitted
electrons were accelerated by a voltage Van of 1 kV applied
to the MCP entrance plate, amplified by the MCP, and im-
aged on the phosphor screen. During the experiment, the
current Iem injected into the emitter substrate, the current Iext
flowing through Gext, and the current Icol intercepted by Gcol
were recorded simultaneously with the electron beam image.
The net emission current Inet that reached the screen assem-
bly was evaluated as Iem− Iext− Icol. At first, the FEA chip
was conditioned by scanning Vem between 0 and 160 V
until Inet reached a few microamperes and the current-voltage
characteristics stabilized. Subsequently, we applied a con-
stant Vem of 80 V with Inet between 0.5 and 1 nA to avoid
destructive arcing.
In Fig. 3, we show three electron beam images which
display the measured reduction in electron beam size and an
increase in current density for Vcol equal to +1, 31, and
61 V, whereas Vem was fixed at 80 V. The reduction in
electron beam size and the increasing beam brightness with
the decrease of Vcol indicate that the decrease of Inet with the
decrease of Vcol is minimal in this voltage range. This is
shown by the simultaneously measured current summarized
in Fig. 4 for a fixed Vem of 80 V. Inet was equal to
0.50.2 nA for Vcol between +1 and 65 V, whereas Iext
and Icol were equal to 0.040.03 nA and therefore below
20% of Inet. In Fig. 5a we show the variation of the
current density on the phosphor screen with the decrease of
Vcol. The current density was evaluated by dividing Inet by
the beam size for each Vcol. We found that when Vcol was
decreased from 0 to 69 V, the current density increased by
a factor of 13.91.0. We note that Inet falls to zero for Vcol
beyond 69 V since the electrons are repelled by the poten-
tial field of Gcol and collected by Gext similarly to previous
reports.8–16
The increased current density at maximal collimation is



























FIG. 2. Color online Schematic diagram of the experimental setup. The
extracted electron beam is amplified by a microchannel plate biased to 0.7
kV given by VMCP−Van and detected by the phosphor screen biased at a
voltage Vscr of 5 kV. The currents Iem, Iext, and Icol were simultaneously






FIG. 3. Color online Field-emission microscope images of electron beam
at constant extraction bias Vem of 80 V at collimation voltages Vcol of a




















collimation voltage V (V)col
FIG. 4. Color online Absolute value of emitter current Iem open squares,
net current Inet filled squares, extraction gate current Iext filled circles, and










































collimation voltage V (V)col V (V)col
FIG. 5. Color online a Current density measured on the phosphor screen
plotted against Vcol for fixed Vem. The two inlaid pictures show the electron
beam at Vcol of 0 V bottom and 69 V top. b The relation between the
emission angle  and Vcol with the directions as defined in Fig. 3.
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2. It is defined as the half width spread of the field-emission
electron beam. Using Eq. 1, we evaluated  at each Vcol as





1 +1 + Van
Vemcos2 
. 1
Herein, the electron beam radius D was obtained from the
half width of the half maximum intensity of the phosphor
screen image, and L is the distance from the FEA to the MCP
and phosphor screen. We found that  in the x-direction de-
creased from 29.7°1.2° to 4.5°0.4° when Vcol was de-
creased from 0 to 69 V.  in the y-direction decreased from
20.5°1.2° to 2.7°0.2° at the same time. The reduction
factor of  amounts to 6.60.8 and 7.60.8 in x- and
y-directions, respectively. The asymmetry of the electron
beam shape is ascribed to the residual potential distribution
of the setup such as the gate contact wires and is partly
compensated by the acceleration potential Van.
In summary, using all-metal FEAs combined with self-
aligned and FIB-assisted processes, we demonstrated a 14-
fold current density increase and a minimal current loss to
the extraction gate at large negative collimation voltages. We
achieved this by increasing the Gcol aperture diameter to
6.2 m through the application of our FIB-assisted process.
We thus attained a larger ratio between the two gate-to-tip
distances—from emitter tip apex to Gcol edge and from emit-
ter tip apex to Gext edge—than would have been achievable
with the self-aligned process. Also, this larger ratio accounts
for the partial shielding of Gcol from the emitter tip by Gext.19
Our FIB-assisted process was utilized to produce arrays with
well-defined geometric shapes. Further investigations into
high tip current operation and upscaling of the emitter array
size are needed to realize a high-brightness and high current
cathode. Additionally, we expect further improvement in the
beam brightness from optimization of the device structure in
terms of the gate aperture sizes and the thicknesses of the
gate and insulator layers.
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Chapter 5
Upscaling of the Array Size by a Focused
Ion Beam Assisted Fabrication Process
Contents
5.1 Fabrication of Metallic Double-Gate Field Emitter Arrays and their
Electron Beam Collimation Characteristics . . . . . . . . . . . . . . . . . 41
In this chapter the scalability of the focused ion beam assisted Gcol fabrication method
is demonstrated by a 20×20 emitter tip double-gate FEA. The measured electron beam
characteristics are compared to those obtained with the 2×2 emitter tip double-gate FEA
presented in section 4.2 and the reason for the improved current-voltage characteristics of
the 20×20 tip array is investigated. To further establish the necessity of large Gcol apertures
to achieve a highly collimated electron beam, the results of the 2×2 emitter tip double-gate
FEA are also compared to those of an FEA with small collimation gate apertures, where
no current density increase was possible. Finally, the possibility of further improving the
beam characteristics of double-gate field emitter arrays and the reduction of the transverse
electron velocity spread are discussed.
Fabrication of metallic double-gate field emitter arrays and their electron
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The fabrication of double-gate metallic field emitter arrays with large collimation gate apertures
and their field emission beam characteristics are reported. The device fabrication steps, including
the molding technique for array fabrication, the electron extraction gate fabrication by the self-
aligned resist etch-back method, and the fabrication of the collimation gate electrode using a
focused ion beam assisted method are described in detail. The experimental results of 2 2 tip
arrays with the proposed double-gate structure demonstrate an order of magnitude enhancement in
beam brightness with minimal current loss. A similarly high beam brightness enhancement was
achieved with a 20 20 tip array device, showing the scalability of the proposed structure. The
observation of improved current-voltage characteristics with the 20 20 tip array is ascribed to the
difference in gate aperture shape. The possibility of further improving the beam characteristics of
double-gate field emitter arrays and the reduction of the transverse electron velocity spread are
discussed.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764925]
I. INTRODUCTION
Research on field emitter arrays (FEAs) has been
actively pursued1–13 with the aim of realizing high current
and high current density cathodes, e.g., for compact micro-
wave vacuum electronic amplifiers, such as traveling wave
tubes (TWTs)14–17 and compact free electron lasers.7,18
FEAs are expected to help simplify the gun design and
extend the operation range of such TWTs.1,15 A recent report
on a 5GHz TWT using a single-gate Spindt FEA with
100W output17 demonstrates the practical feasibility of
FEA-based TWTs. The possibility to generate high currents
with densities above 10–100A cm2 (Ref. 19) is even more
attractive for sub-millimeter and THz vacuum electronic
power amplifiers.20–22
To take full advantage of FEAs, however, it is crucial to
reduce the beam divergence of individual field emission
beamlets. In a single-gate FEA, the beam divergence is in
the order of 20–30. More than a factor of 10 reduction of
this divergence could significantly simplify the gun design to
inject electrons into micro-machined waveguides for THz
devices.8,9 In addition, FEAs with a normalized transverse
emittance below 0.1mm mrad for a 1mm diameter FEA and
emission current densities of 1 kA cm2 have a potential to
improve the stability and performance of X-ray free-electron
lasers significantly.3,7 Such FEAs are also promising as cath-
odes for massively parallel electron beam lithography
tools.23
To reduce the beam divergence and the transverse electron
velocity spread, double-gate FEAs equipped with a beam colli-
mation gate electrode Gcol in addition to the electron extraction
gate electrode Gext have been intensely studied.
5,7–9,24–31
This is due to the fact that the emittance of a FEA can be
small only when the individual beamlets are maximally colli-
mated,1 even though the emittance of individual beamlets is
small.33
In double-gate FEAs, a divergent field emission beam is
collimated by applying a negative collimation potential Vcol
to Gcol. However, since the negative Vcol reduces the electric
field Ftip at the emitter tip apexes, the emission current is
diminished and a part of the electrons is reflected by the neg-
ative Gcol potential and intercepted by Gext. The main chal-
lenge has been lying in minimizing the emission current
reduction at the maximum beam brightness.8,9,26–32
We have recently shown that stacked double-gate struc-
tures with large Gcol apertures of approximately 3 times the
diameter of the Gext apertures improved the emission current
characteristics.9 To fabricate these double-gate FEAs, we
have developed a method using focused ion beam (FIB) mill-
ing. With this flexible and mask-less method, we realized
2 2 tip double-gate FEAs that exhibited a current density
enhancement of a factor of 13.96 1.0 (Ref. 9). The FIB also
enables precise alignment of the Gcol apertures to the under-
lying Gext apertures and the emitter tips. This is a difficult
task with the normally used polymer etch-back method.5,8,9
The aims of the present work are to report the fabrica-
tion method of our double-gate FEAs in detail, including the
FIB assisted Gcol patterning method and experimentally
clarify the impact of the Gcol aperture diameter on the colli-
mation characteristics. Also, the scalability of the proposed
large Gcol aperture structure is investigated by applying the
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II. FOCUSED ION BEAM ASSISTED FABRICATION OF
DOUBLE-GATE FEAS
In this section, we describe the fabrication procedure of
three double-gate FEAs, two 2 2 double-gate FEAs (FEA1
and FEA2), and one 20 20 double-gate FEA (FEA3) in
detail. FEA1 and FEA2 both have Gext apertures with a diam-
eter equal to 2.0 lm. Their Gcol aperture diameters measure
6.0lm for FEA1 [Fig. 4(a)] and 2.3lm for FEA2 [Fig.
4(b)]. The diameter of the Gext and Gcol apertures of FEA3
[Fig. 4(c)] are nominally the same as FEA1. In Secs. IIA and
IIB, the fabrication procedure of metallic FEAs and the Gext
formation procedure that precedes the fabrication of Gcol are
described. In Sec. IIC, we detail the FIB assisted method to
fabricate Gcol. Although there are optical and electron-beam
lithography tools available for our required precision to fabri-
cate devices with more than tens of thousands of emitters,
these require the development of an overlay alignment method
that should be adjusted for our specific purposes and device
sizes. In contrast, the FIB process described hereafter allows
rapid proto-typing of FEAs with different aperture sizes (such
as FEA1 and FEA2) without significantly modifying the pro-
cess conditions. Its high flexibility makes the FIB an ideal tool
for exploring the correlation between the gate aperture sizes
and the electron beam collimation characteristics.
A. Fabrication of metallic FEAs
The double-gate FEA fabrication starts with the prepara-
tion of emitter arrays supported on metallic substrates. The
gate electrodes are fabricated on top of the array by the method
described in Secs. IIB and IIC. To fabricate the metallic emit-
ter arrays, the molding technique originally proposed by Gray
and Greene34 is used. The first step is the patterning of pyrami-
dal pits on a 4 in. Si (100) wafer by anisotropic wet-etching
[Fig. 1(a)]. As etching mask, we use a 100 nm thick thermal
oxide layer, which is patterned with 1.5lm square hole arrays
aligned with a pitch of 5 or 10lm. The final size and shape of
the emitters are the same for both array pitches. To fabricate
double-gate FEAs with 6lm diameter Gcol apertures, we
used the 10lm pitch arrays. The oxide patterning is done by
photolithography and dry-etching in CHF3 plasma using a
reactive-ion etcher (RIE, Oxford RIE 100). The subsequent pit
etching is done in a 20% potassium hydroxide (KOH) solution
heated to 70 C. Utilizing the slow etching rate of (111) facets,
pyramidal pits are thereby formed in the Si substrate.
The sharpness of the bottom of the pits will determine the
sharpness of the emitter tips in the end (see below). After the
KOH etching, the obtained pit apex sharpness is typically in
the order of 50–100 nm and not sufficiently small. To ulti-
mately obtain emitter tips with apex radii of curvature of
5 nm (leading to a field enhancement factor of 40 (Ref.
6)), we add two oxidation steps to sharpen the pits. The first
additional oxidation is done after removing the first SiO2 layer
used as KOH etching mask. At this step, the pit apexes are
sharpened down to a few nanometers. This is a consequence
of the stress dependent diffusion of O2 during the thermal oxi-
dation.35,36 This second oxidation also sharpens the side joints
of the (111) facets and introduces spikes at the topmost edge
of the pits. The sharp facet joints are unfavorable since they
may cause parasitic emission bombardment of Gext. The
spikes should be eliminated since they introduce complica-
tions in the gate fabrication process described below by caus-
ing concave edges at the bottom of the emitters. Adding a
third oxidation step circumvents these problems.4 By adjust-
ing the thicknesses of the second and the third oxide layers,
we control the final sharpness of the emitter tip apexes. Typi-
cally, we choose the second oxidation thickness to be 200 nm,
and the third oxidation thickness to be 600 nm. With this com-
bination, we obtain emitters with 5 nm tip apex radii of cur-
vature as shown in Fig. 1(b) and the inset in Fig. 4(a). The
oxide thicknesses were calibrated before each fabrication run
to achieve the nominal apex sharpness.
In the next step, the mold substrate is metalized with a
1lm thick molybdenum film that will serve as the electron
emitting material [Fig. 1(c)]. This is done by magnetron sput-
tering using high purity Ar gas in a sputter deposition tool
(Nordiko). The pressure and the flow rate of the Ar gas were
adjusted to minimize the stress of the Mo film. Sputtering
allows for a relatively uniform metalization of the mold pits at
room temperature. The base pressure of the sputtering tool is
2 106 mbar, leading to the incorporation of about 10% O2
into the film. This was confirmed by X-ray photoelectron
spectroscopy. Nevertheless, using Ar gas with 99.999%
purity, we were able to lower the room temperature resistivity
of the molybdenum film to 10lX cm, which is only twice
the value of pure bulk molybdenum. High resolution scanning
electron microscopy (SEM) and x-ray diffraction revealed that
the molybdenum film is (110) oriented and consists of
50 nm wide grain columns oriented perpendicular to the sur-
face of the pits. The development of these grains during the
deposition introduces a surface corrugation that partially
blocks the Mo flux from reaching the bottom of the pits. Con-
sequently, an empty cavity with a width in the order of tens of
nm is formed beneath the emitter tip apex. These cavities are
visible in the FIB cross-sections shown in Fig. 9.
On the sputtered Mo, a 100 nm thick Cr adhesion layer
and a 200 nm thick Pd seed layer are deposited by electron-
beam evaporation. A 400 lm thick Ni layer electro-plated on
top serves as substrate of the FEA with negligible series re-
sistance (<103 X cm). After the Ni electro-plating, the sili-
con substrate is completely removed by chemical etching in
a heated KOH solution with the same condition as the mold
pits etching. The third oxidation layer on the mold protects
the emitter surface during the etching. At the end, we obtain
arrays of pyramidal shaped molybdenum emitters with a
base length of approximately 2 lm. Before the fabrication of
FIG. 1. Process steps used to fabricate the molybdenum field emitter arrays
by the molding method. (a) Anisotropic wet-etching of the Si substrate to
form pyramidal pits as molds for the emitters. (b) Thermal oxidation of the
Si mold substrate is used to tailor the pit shapes and the tip apex sharpness.
(c) Metallization of the mold wafer with a 1 lm thick sputtered molybdenum
film (the SiO2 layer is not shown here). (d) A molybdenum field emitter after
removing the Si mold substrate.
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the gate electrodes, we dice the FEA wafers into 22 22mm
chips using a diamond blade saw. All further process steps
are carried out on these chips.
B. Fabrication of the electron extraction gate
electrode
The fabrication of the electron extraction gate electrode
Gext starts with the removal of the SiO2 layer covering the
molybdenum FEAs by chemical etching using a buffered ox-
ide etch solution (BOE 7:1; NH4F and HF in water). A
1.2 lm thick SiO2 layer (I1) is then deposited by plasma
enhanced chemical vapor deposition (PECVD, Oxford Plas-
maLab System 80). On top of this, a 500 nm thick Mo layer
is sputter-deposited (Gext) with the same condition as for the
mold metallization. The schematic cross-section of the
resulting structure is shown in Fig. 2(a).
After the deposition of the I1 and Gext layers, the chip
surface exhibits 500 nm tall protrusions on top of the emit-
ters [Fig. 2(a)]. Utilizing these protrusions, we pattern the
Gext apertures by using a polymer mask and wet-etching.
The etching mask is prepared by a self-aligned etch-back
process: A positive photo-resist (PR, Microposit S1828) is
spin-coated on top of Gext and soft-baked, resulting in a pla-
narized layer with an average thickness of 4 lm [Fig. 2(b)].
When submitting the PR-coated FEA chip to low power oxy-
gen plasma, the PR is uniformly thinned, and Gext areas on
top of the emitters are selectively exposed [Fig. 2(c)]. By
adjusting the time and power of the oxygen plasma etching,
the area laid bare on top of the emitters can be controlled
between approximately 1.8 lm and 2.5 lm in diameter.
Using the patterned PR as etching mask, we etch the Gext
apertures using an acid solution (H3PO4, CH3CO2H, and
HNO3 in 20% water) [Fig. 2(d)]. Afterwards, Gext is further
patterned into its final shape [Fig. 4(d)]. In completed
double-gate FEAs, the Gext electrodes are buried underneath
the Gcol electrodes with the exception of the contact pads for
wire bonding. For the fabrication of double-gate devices, the
SiO2 layer which covers the emitters at this step is left as
protection from ambient air and particles.
C. FIB assisted collimation gate aperture fabrication
In the final steps, we fabricate Gcol. On the FEA chip
with the patterned Gext, we deposit a 1.2 lm thick SiON sec-
ond insulation layer (I2) by PECVD, followed by a 500 nm
thick sputtered Mo layer (Gcol). The PECVD conditions of
the SiON deposition were optimized to reduce the residual
stress of the film well below 0.1GPa. The BOE etching rate
of the SiON of I2 used here is three times slower than that of
the SiO2 of I1. This difference in etching rates is important to
prevent over-etching of I2 in the last BOE etching step (Fig.
3(d)), necessary to remove the SiON and SiO2 layers, and to
expose the emitter tips.
To minimize the emission current reduction at finite
Vcol, we require the Gcol apertures to be approximately three
times larger than the Gext apertures.
9 This is difficult to
achieve in a reproducible way by the self-aligned etch-back
process used for Gext because the required diameter is larger
than the protrusions on top of the emitter tips obtained after
the deposition of the I2 and Gcol layers. Therefore, we devel-
oped a method using FIB milling with Ga ions (FEI Strata
DB 235). We found that the direct milling through the Gcol
electrode makes the underlying SiON layer inert to BOE,
perhaps due to Ga ion implantation in the SiON layer.
Hence, we add two sacrificial layers (750 nm of SiO2 and
100 nm of Mo) and use them as mask for the Gcol etching
[Fig. 3(a)]. Using the FIB, we mill through the two sacrificial
layers and about one half of the Gcol layer [Fig. 3(b)]. The re-
mainder of Gcol is removed by wet-etching afterwards, using
the patterned sacrificial SiO2 layer as the etching mask. The
topmost Mo layer, which is needed to avoid charging of the
chip surface during the FIB milling, is removed during the
wet-etching of Gcol at the same time [Fig. 3(c)]. The FIB
milling time was approximately 90 s per aperture with 6 lm
diameter using an ion current of 1.5 nA. This amounts to a
total FIB milling time for the 20 20 tip array of approxi-
mately 10 h without including the time required for stage
movements and drift correction.
Using the patterned gate apertures as mask, we then
wet-etch the insulation layers (I1, I2) in BOE as depicted in
Fig. 3(d). As mentioned above, the undercut in I2 at this step
is minimized owing to the slower SiON etch rate compared
to SiO2. About 0.5 lm of the I1 layer thickness is left
unetched to minimize the exposure of the emitter tip apexes
to ambient air. It is etched off just before inserting the FEA
into the experimental chamber. In Fig. 4(a), we show a top-
FIG. 2. The process steps applied to fabricate the electron extraction gate
electrode by the polymer etch-back method. (a) Deposition of the insulator
I1 and the extraction gate electrode Gext layers. (b) Spin-coating of a PR
layer. (c) Oxygen plasma etching of the PR until the metal on top of the
emitters is laid bare. (d) Use the patterned PR as wet-etching mask for the
extraction gate apertures.
FIG. 3. Process steps to fabricate the collimation gate (Gcol) by the FIB
assisted method. (a) After the fabrication of the Gext aperture, the insulator
I2, the Gcol layer and the sacrificial layers (SiO2 (lower), and Mo (upper) are
deposited. (b) FIB milling through the sacrificial layers and one half of the
Gcol layer. (c) The Gcol aperture is finalized by wet-etching. This step also
removes the sacrificial Mo layer. (d) BOE etching to remove I1 and I2 on top
of the emitters using Gext and Gcol as etching masks. This step also removes
the sacrificial SiO2 layer.
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view SEM image of FEA1 with a Gext diameter of
2.36 0.1 lm and a Gcol diameter of 6.26 0.1 lm. High-
resolution transmission electron microscopy (TEM) imaging
of an emitter on the same FEA substrate as FEA1 (inset of
Fig. 4(a)) shows that the emitter apex radius of curvature is
7.5 nm.
Next, the Gcol electrode of each array is patterned into a
rectangular shape of approximately 2.5mm 0.75mm with
rounded corners as shown in Fig. 4(d) for FEA3. The Gext
electrode is buried underneath Gcol. Gext is electrically con-
tacted through the 0.2mm square via etched into I2 on top of
the Gext contact pad. The comparatively large Gcol aperture
(Fig. 4(a) for FEA1 and Fig. 4(c) for FEA3, and in contrast,
Fig. 4(b) for FEA2) provides electro-static shielding of the
emitted electrons from the Gext potential or non-uniform
electric fields created by the bonding wires and prevents
beam distortions. The electrical contact to Gcol is made by
bonding wires to one corner of Gcol [Fig. 4(d)].
III. EXPERIMENTAL SETUPAND SAMPLE
PREPARATION PROCEDURE
A. Field emission microscope
The field emission current-voltage characteristics mea-
surement and the beam imaging were conducted in a field
emission microscope schematically shown in Fig. 5. We
imaged the electron beam on a metalized P43 phosphor
screen after amplifying it with a micro-channel plate (MCP)
inserted between the FEA and the phosphor screen. The dis-
tance between the MCP front plate and the FEA can be
adjusted by a linear translation mechanism and was typically
set to 40–50mm. The electron beam was accelerated by
applying a DC potential of 1 kV to the front-plate of the
MCP which also functions as the anode in this setup. To
amplify the beam, we applied 1.7 kV to the back-plate of the
MCP leading to an amplification factor of 103. The
FIG. 5. Schematic diagram of the field emission microscope. The field emis-
sion electron beam is amplified by a micro-channel plate biased by (VMCP-
Van) and imaged by the phosphor screen (biased at a voltage Vscr of 3-5 kV).
The currents Iem, Iext, and Icol were recorded simultaneously while control-
ling the bias voltages Vem and Vcol. Vext is normally fixed to ground
potential.
FIG. 4. Top-view SEM micrographs of double-gate FEAs. (a) FEA1 (one of the emitters) with a TEM cross-section of the tip apex (inset). (b) FEA2 (one of
the emitters). The dotted line approximately shows the underlying Gext aperture. (c) FEA3 (one of the emitters). (d) Overview of FEA3. The 20 20 emitters
are located at the center of the rectangular Gcol electrode with a size of 2.5 0.75mm. The Gext electrode is a 500lm diameter circle with a 0.04 mm2 rectan-
gular contact pad attached at the end (partially buried underneath Gcol as indicated by the dotted lines). The oxide on top of the 0.2mm square contact pad at
the end is etched away before the wire bonding.
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phosphor screen was biased at 5 kV. A full-color video re-
corder with 8-bit resolution per color (Canon XL1s) was
used to record the phosphor screen images of FEA1 and
FEA2. Auto-brightness adjustment was turned off during the
experiment to allow for the calculation of the current density
from the image brightness. The FEA3 beam images were
recorded by a full HD Sony Handycam. The brightness of
the images was adjusted by the shutter time, which was kept
constant during the whole experiment.
The captured images were subsequently analyzed to
evaluate the beam size and the current density. The beam
size was extracted by the automatic pattern recognition algo-
rithm described in the supplementary materials.38
The FEA chip was mounted on a ceramic (MACOR)
holder. To be able to load up to three double-gate FEAs at
the same time, we prepared 6 contact terminals for gate elec-
trodes and 1 terminal to be connected with the emitter sub-
strate (via a copper plate underneath the FEA chip) on the
holder. These were connected to BNC electrical feed-
throughs using Kapton insulated wires. The FEA gate elec-
trodes were wire-bonded by 25 lm thick aluminum wires to
Au-plated ceramic bonding pads fixed on the sample holder.
To generate a collimated field emission beam, a negative
electron extraction potential Vem was applied to the emitter
substrate with respect to Gext, thereby initiating electron field
emission from the tips. A negative beam collimation poten-
tial Vcol was applied to Gcol with respect to Gext. Gext was set
to ground potential. The current Iem injected into the emitter
substrate, the Gext current Iext, and the Gcol current Icol were
simultaneously measured. The net emission current Inet that
reached the screen was evaluated by (jIemj – Iext – Icol). For
the FEA3 experiment, it was possible to measure Inet directly
by inserting a coaxial Faraday cup in front of the FEA chip.
B. FEA preparation procedure
After the BOE etching removal of the remaining SiO2
layer on top of the emitter tips and wire-bonding to the gate
contacts, we quickly loaded the FEA into the field emission
microscope chamber and evacuated it with a turbo-molecular
pump for 24–48 h while heating the chamber to 140 C. After
this baking, we switched from the turbo-molecular pump to
an ion getter pump. The final base pressure was 5 109
mbar.
At the beginning of the experiment, the field emission
current was erratic and fluctuated over several orders of mag-
nitude. It became stable after a conditioning process, in
which the FEAs were operated for a prolonged time period.
We scanned Vem slowly with Gcol and Gext connected to
ground potential while measuring the currents Iem, Iext, and
Icol. Vem was scanned between zero volts and a negative max-
imum with a period of 2–10 cycles/min. For the 2 2 arrays
(FEA1 and FEA2), Inet was indirectly measured via Iem, Iext,
and Icol. Inet of the 20 20 array (FEA3) was directly meas-
ured by the Faraday cup. During the initial conditioning
phase, the scan range of Vem was slowly increased over the
course of several days while observing the stability and the
increase of the emission current. A more stable and higher
emission current is normally obtained by this conditioning.
This is likely due to desorption of remaining adsorbents on
the tip surface initiated by the emitted current, e.g., via Joule
heating. Gentle increase of the scan range of Vem may also
have helped rounding off atomic protrusions by Joule heat-
ing without causing arcs, but the detailed mechanism has not
been established yet.37 After the current-voltage characteris-
tics had stabilized by conditioning, we started the beam
imaging experiment.
IV. RESULTS AND DISCUSSIONS
A. The influence of the Gcol aperture size on the beam
collimation characteristics
In Figs. 6(a), 6(c), and 6(e), we present the experimental
results of FEA1 with Gext and Gcol aperture diameters of
2.36 0.1 lm and 6.26 0.1 lm, respectively.9 Fig. 6(a)
shows a set of three phosphor screen images of FEA1 after
the conditioning. The images were taken at different Vcol of
þ1 V, 31V, and 61V from left to right. Vem was fixed at
80V. Inet was equal to 0.5–1 nA for these three images.
Vem and therefore Inet were kept low to avoid destructive arc-
ing. The FEA-MCP separation was 40mm. Reduction of the
beam size and simultaneous increase of the beam brightness
with the decrease of Vcol are apparent.
The increased beam brightness indicates a minimal
decrease of the emission current with the decrease of the
beam size. In fact, as the current-voltage characteristics in
Fig. 6(c) show, Inet was approximately 0.56 0.2 nA for Vcol
in the range from þ1V to 65V. The gate currents Icol and
Iext were less than 20% of Inet in the same Vcol range. As
summarized in Fig. 6(e), the average beam radius Rs was
reduced from 7.26 0.4mm (Vcol¼þ1V) to 1.06 0.2mm
(Vcol¼69V). Here, we defined Rs as the radius of the
circle which encloses 80% of the beam area. Combining this
with the observed Inet, we found that the current density was
increased by a factor of 13.96 1.0. When Vcol was lower
than 69V or, differently put, the ratio kcol of Vcol to Vem
larger than 0.86, Inet fell to zero. We ascribe this to the repul-
sion of the extracted electrons by the Gcol potential and their
subsequent collection by Gext. This interpretation is consist-
ent with the observation that Iext increased for kcol above
0.86 [Fig. 6(c)].25–30
We note that, since the acceleration potential Van
applied to the MCP front plate is an order of magnitude
larger than Vem, Rs is proportional to the rms transverse ve-






















(with q the elementary charge and m
the electron rest mass). In Eq. (1), we defined the initial lon-
gitudinal velocity u0 as the electron velocity at 1–10 lm off
the emitter apex. Even though the classical electron velocity
at the emitter apex surface is zero, u0 is finite because the fi-
nite Vem accelerates the electrons. For the uncollimated
beam at Vcol¼ 0, u0 is to a good approximation given by
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FIG. 6. Summary of the field emission characteristics of FEA1 (Gcol aperture diameter of 6.26 0.1 lm, left panel) and FEA2 (Gcol aperture diameter of
2.36 0.1lm, right panel) measured with the acceleration voltage Van set to 1 kV. (a) FEA1 beam images with Vcol of þ1V, 31V, and 61V. Vem was fixed
at 80V. (b) FEA2 beam images with Vcol of 0, 20, and 40V. Vem was fixed at 128V. (c) and (d) The current-voltage characteristics of FEA1 and
FEA2, where open squares depict the emitter current Iem, solid squares the net current Inet, filled circles the extraction gate current Iext, and open circles repre-
sent the collimation gate current Icol. The horizontal axis depicts the ratio kcol of Vcol to Vem, where Vem was 80V for FEA1 and 128V for FEA2, respec-
tively. (e) The relation between the current density and kcol of FEA1 (Vem of 80V). The two inset images show the beam at kcol of 0 (bottom) and 0.86 (top).
(f) The relation between the current density and kcol of FEA2 (Vem of 128V). The two inset images show the FEA2 beam at a kcol of 0 (bottom) and 0.5 (top).
(g) and (h) The relation between the average beam radius Rs (left axis) and kcol with Van¼ 1 kV for FEA1 (g, with Vem¼80V) and FEA2 (h, with
Vem¼128V). The right axes show the rms transverse electron velocity evaluated from Rs for the two case u0¼ 0 (outermost right axis) and u0> 0 (inner
right axis).





and u|| is of the same order of magnitude as u0.
For the collimated beam with Vcol close to Vem, the Gcol
potential decelerates the electrons and u0 and u|| become sub-
stantially smaller. Thus, we can safely assume u0 equal to
zero for the evaluation of u|| of the maximally collimated
beam which makes it insensitive to the actual value of u0.
Additional assumptions to relate Rs and u|| by Eq. (1) are dis-
cussed in the supplementary material.38
In Fig. 6(g), we summarized Rs as a function of kcol. The
two right vertical axes of Fig. 6(g) indicate the evaluated u||





(ii) zero u0. We found that u|| is equal to 3.3 103 c0 at
zero kcol and equal to 3.7 104 c0 at the maximum kcol of
0.86, where c0 is the speed of light in vacuum. From these
values, we found that u|| was reduced by a factor of 8.9 at kcol
of 0.86.
To experimentally investigate the impact of the large
Gcol aperture of FEA1 on the strong beam collimation, we
compare the beam characteristics of FEA1 with FEA2. The
most important difference of FEA2 is its small Gcol aperture
diameter of 2.36 0.1 lm, which is approximately equal to
the Gext aperture diameter of 2.36 0.1 lm. Figs. 6(b), 6(d),
6(f), and 6(h) summarize the experimental results of FEA2.
As shown in Fig. 6(d), the emission current decreased rap-
idly with the increase of kcol. We note that the maximum Vem
was set to 128V for FEA2 to increase the emission current
and to make the beam image observable at large kcol. Never-
theless, the emission current became negligible at kcol
beyond 0.3. This is in stark contrast to the behavior of FEA1
but similar to the previously reported double-gate FEAs with
small Gcol aperture diameters fabricated by the resist etch-
back method.24 The beam size (and u||) decreased (Figs. 6(b)
and 6(h)) with the increase of kcol. As a consequence of the
rapid decrease of the emission current with kcol, however, no
enhancement of the beam brightness and current density
were observed (Figs. 6(b) and 6(f)). We also repeated the
same measurements at lower Vem values to rule out the possi-
bility that the large Vem (128V) influenced the results but
the behavior was unchanged. The value of kcol> 0.3 for
which Iem fell below 10% of its value at kcol¼ 0 was also
found to be independent of Vem.
B. Emission characteristics of a 20320 double-gate
FEA
To test the fabrication method and the collimation char-
acteristics of a FEA with a larger number of emitter tips, we
fabricated a 20 20 emitter array (FEA3) [see Figs. 4(c) and
4(e)]. The top-view SEM image in Fig. 4(c) shows a magni-
fied view of one of the emitters of FEA3. FEA3 has Gext
aperture diameters of 2.06 0.1 lm and Gcol aperture diame-
ters of 7.26 0.1 lm. These values are similar to the gate
aperture diameters of FEA1. As shown in Fig. 7, the Inet-kcol
relation of FEA3 was similar to that of FEA1. When Vem
was equal to 60 V, Inet decreased monotonously with the
increase of kcol. Iext started to increase at a kcol of 0.95 and
reached 50% of Iem at a kcol of 0.99.
As shown in Figs. 8(a) and 8(b), Rs decreased from
3.8mm to 0.45mm when kcol was increased from 0 to
0.98 (measured at Vem of 82V). As shown in Figs. 8(c) and
8(d), Inet at the largest Vem decreased from 280 nA to 40 nA
with the increase of kcol from 0 to 0.98. Iext was negligible at
kcol of 0 but increased to 25% of Iem at kcol of 0.98. Hence,
we conclude that the major cause of the Inet decrease with
the increase of kcol is due to the reduction of Ftip with the
increase of the collimation potential. Combining Rs with the
observed Inet, we found that the current density enhancement
at kcol¼ 0.98 was equal to 13.7.
We also evaluated u|| at these kcol values using Eq. (1).
We found u|| equal to 2.7 103 c0 at kcol¼ 0 (with u0 deter-
mined by Vem of 82V) and 2.4 104 c0 at kcol¼ 0.98
(assuming u0 0). Therefore, u|| was reduced by a factor of
11.3. This reduction is 27% higher than in the case of
FEA1. Furthermore, the smallest u|| of FEA3 at kcol equal to
0.98 is 1.9 times smaller than the smallest u|| of FEA1 at kcol
equal to 0.86 (at the maximum current density condition).
FIG. 7. Current-voltage characteristics of the 20 20 emitter array FEA3.
Emitter current Iem (open squares), net current Inet (solid squares), extraction
gate current Iext (filled circles), and the collimation gate current Icol (open
circles) at various ratios kcol (¼Vcol/Vem) at a Vem of 60V. The inset shows
a close up view of the same data for kcol between 0.8 and 1.0.
FIG. 8. Beam images of the 20 20 emitter array FEA3 recorded at kcol
(¼Vcol/Vem) equal to 0 (a) and kcol equal to 0.98 (b); Vem was 82V and the
corresponding Inet equal to 280 nA in (a) and 40 nA in (b), respectively. (c)
and (d) The I-V characteristics of the full Vem scan. The images in (a) and
(b) were recorded at the maximum Vem of (c) and (d), respectively.
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We assume that these differences between FEA1 and
FEA3 originate from the small difference in the gate aperture
shapes as suggested by the top-view SEM images in Fig. 4.
To investigate this in detail, we prepared cross-sections of
one of the emitters from each of the two FEAs using FIB
milling (Fig. 9). The various layers are indicated in the mid-
dle of the figure. (The dark carbon layer visible mainly
around the tip and Gext was deposited prior to the FIB mill-
ing to avoid the collapse of the gate layers.) The comparison
of the cross-sections of the two FEAs revealed a 0.2 lm
tall collar at the Gext edge of FEA3, which is absent for
FEA1. This is a consequence of the slightly shorter mask
etching and wet-etching times for the Gext aperture pattern-
ing of FEA3. The height of the collar is consistent with the
top-view SEM images which show a 0.2 lm smaller
inscribed diameter of Gext of FEA3 compared to that of
FEA1 (Figs. 4(a) and 4(c)). Although the height of the collar
is less than 10% of the Gext diameter, combined with the
1lm larger Gcol aperture diameter, an extra shielding of
the emitter apex from Gcol was introduced, preventing a
direct line of sight from the emitter tip apex to Gcol. Neo
et al. demonstrated the effectiveness of such shielding
recently with volcano-shaped double-gate FEAs (Refs. 28
and 29). We expect even higher current densities and lower
rms transverse velocities with double-gate FEAs with a
higher Gext collar providing better electro-static shielding of
the emitter tip.
V. SUMMARYAND CONCLUSIONS
We presented the fabrication method and the electron
beam characteristics of double-gate FEAs with Gcol aper-
ture diameters approximately three times the size of the
Gext apertures and showed that these devices can generate a
highly collimated field emission beam with enhanced cur-
rent density. The comparison of the field emission charac-
teristics of FEA1 and FEA3 with large Gcol apertures with
FEA2 with small Gcol apertures showed that the large dif-
ference in Gext and Gcol aperture diameter is necessary to
achieve significant enhancement of the current density. The
scalability of the high-brightness emission current was
demonstrated by the successful fabrication and the beam
characteristics measurements of the 20 20 emitter array
device. In addition, a detailed comparison of the beam char-
acteristics and the gate structures between FEA1 and FEA3
indicated that further improvement of the beam collimation
can be achieved by optimizing the Gext aperture. The planar
Gcol surface of our FEAs is likely to be advantageous for
the operation in high acceleration electric fields of 10 MV/m
and above10,11 by reducing the probability of parasitic
emission from the top surface and subsequent vacuum
breakdown.
These results were achieved by the developed FIB
assisted Gcol fabrication method, which we found to be
more reliable and stable than the self-aligned resist etch-
back method. Yet, the 20 20 tip array appears to be the
practical limit in up-scaling the array size because of the
required milling time of the available FIB tool. Neverthe-
less, the capabilities of the FIB such as its flexibility and
the mask-less patterning are certainly attractive for study-
ing various device structures with a small number of emitter
tips.
We note that although the emission current of the
20 20 FEA was proportionally higher than that of the 2 2
FEA, further increase of the average current to above 4 lA
per tip is expected from our FEAs as demonstrated for
single-gate FEAs with 20 20 tip arrays5 and 104 tip
arrays.12 With the 104 tip array, this has been achieved with
the help of a noble gas conditioning process which can also
improve the beam uniformity. The proposed mechanism
assumes impact ionization of noble gas molecules close to
the current emitting tips and subsequent ion bombardment of
these tips. Therefore, we can potentially accelerate the emis-
sion homogenization process in double-gate FEAs by apply-
ing a positive bias to Gcol while the FEA is in a noble gas
atmosphere. Such noble gas conditioning experiments on
double-gate FEAs are currently being conducted.
A detailed comparison of the beam characteristics with
the FIB cross-sections of FEA1 and FEA3 indicates the pos-
sibility of further performance improvement. Particularly
interesting is the fact that we were able to increase kcol to
0.98 for FEA3, thereby obtaining a higher maximum current
density and smaller transverse velocity than with FEA1.
How far kcol can be increased in a given device seems to be
highly sensitive to the detailed structure of the gate aperture
openings and emitter tip apexes. Another important question
is the impact of the Gcol aperture shape and the inhomogene-
ity of the alignment of Gcol with the tip (better than 0.2 lm
precision in the current process) on the emission current
quenching at large kcol. To investigate these questions and
elucidate the performance limitation of double-gate FEAs,
further experimental explorations of the device structure and
the operation conditions in combination with numerical sim-
ulations, which takes into account the actual tip shape and
the gate structures, are necessary.
The authors wish to thank J. Krbanjevic for preparing
the FIB cross-sections, A. L€ucke and K. Vogelsang for their
help and advice in using the dicing saw, and J. Lehman and
B. Haas for their technical help to fabricate FEAs. This work
FIG. 9. FIB cross-sections of one of the emitters of
(a) FEA1 and (b) FEA3. The comparison of the
Gext aperture edge shapes shows that FEA3 has a
0.2 lm tall collar blocking the direct line of sight
from the emitter tip to Gcol. No such collar can be
found at the Gext edge of FEA1.
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In this supplementary document, we give detailed information on how we conducted the 
field emission experiments with FEA1, FEA2 and FEA3. In section A, the methods to apply 
and vary the beam extraction and collimation gate potentials are explained. In section B, we 
describe the method used to evaluate the beam size from the phosphor screen image of the 
field emission beam. The beam images were captured by a CCD camera (Canon XLS1 for 
FEA1, FEA2 and Sony Handycam for FEA3) with a rate of 30 frames per second which gives 
an exposure time of 33 ms per frame. The current-voltage characteristics and the phosphor 
screen images were recorded simultaneously but asynchronously. The method used for 
correcting the time shift between the two datasets is presented in section C. The derivation of 
the relationship between the average beam radius Rs and the rms transverse electron velocity 
u|| is given in section D. 
A. The Application of Gate Potentials And Current Measurements 
Three source-measure units (Keithley 2400 Multimeter) were used to measure the currents 
Iem flowing through the emitters as well as Iext and Icol flowing through Gext and Gcol, 
respectively. The potential Vext of Gext was always kept at ground potential. After the 
conditioning phase, a negative potential Vcol was applied to Gcol to collimate the extracted 
electron beam. The current measurements of the three source-measure units were 
synchronized by using a hardware trigger signal. For the three FEAs treated in the main 
document, we applied Vext and Vcol in different ways: 
a) For FEA1, Vem was fixed at a constant voltage of -80 V while Vcol was scanned back 
and forth between +1 V and -81 V in steps of 2 V. 
b) For FEA2, Vem was scanned back and forth between 0 V and -128 V in steps of 2 V. 
For each Vem scan, Vcol was set to a value between 0 V and -130 V. Vcol was varied in 
steps of 2 V after each Vem scan. 
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c) For FEA3, Vem and Vcol were scanned simultaneously. The value of Vem was varied 
between 0 V and -60 V with Vcol being bound to Vem by the ratio kcol = Vcol/Vem. We 
varied kcol in steps of 0.1 from 0 to 0.8 and in finer steps of 0.01 between 0.8 and 1.0. 
We found that fixing Vem for a prolonged time period resulted in destructive arcs in some 
cases. To improve the emission stability, it was advantageous to scan both Vcol and Vem 
simultaneously as was done in b) and c) above. Due to the above mentioned asynchronous 
data recording, a method to match the current-voltage dataset and the beam image video 
frames is needed (see section C). The matching of b) and c) were done similarly but it was 
necessary to adapt the method to the different sequencing of the applied gate potentials. No 
such reordering was required for a. 
B. Extraction of The Electron Beam Diameter From The Phosphor Screen Image 
The beam diameter (full width at half maximum) was calculated from the arithmetic mean 
of the width and the length of the electron beam spot on the phosphor screen. The images 
captured by the CCD camera in 24 bit RGB format were first converted into an 8 bit grayscale 
image using the YIQ standard (gray = 0.299*red + 0.587*green + 0.114*blue), Fig. 1 (a). 
Then the image was binarized using a threshold defined by the grayscale value which is equal 
to 50% of the brightest value of the grayscale image, Fig. 1 (b). Binarization was necessary to 
apply the Canny edge detection algorithm
1
. Once the edges were found, the external contour 
was computed, Fig. 1 (c). Using the contour, a bounding rectangle (Fig. 1 (d)) could be 
calculated from which we took the arithmetic mean of the width and the length to derive the 
beam diameter. All image processing was programmed with the aid of the open source library 
OpenCV for C++ (open source computer vision library, http://opencv.willowgarage.com).  
 
 
Fig. 1 These figures show the important steps in deducing relevant values from the phosphor 
screen image. (a) Original spot converted to grayscale (b) binarized grayscale spot (c) contour 
of the binarized spot calculated by the Canny algorithm (d) original spot with enclosing 
rotated rectangle drawn from which to deduce width and height of the beam spot. 
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 C. Synchronization of Phosphor Screen Images And Current Measurements 
In the experiments reported in the main document, the current-voltage (I-V) characteristics 
and the phosphor screen images were recorded simultaneously but without any means of 
synchronization. With a frame rate of 30 fps, each frame corresponds to an exposure time of 
~33 ms, whereas the step variation of the I-V measurements was much faster. To avoid 
erroneous readings, the I-V scan was paused at the maximum Vem for 250 ms. Thus, it was 
ensured that the brightest beam spot was captured on at least 7 frames. In the following, we 
describe the analysis for a sample measured according to the biasing method b), in which Vem 
was scanned between -42 V and -82 V and Vcol was kept constant during each Vem scan at a 
value between 0 V and -82 V.  
In Fig. 2, we show a complete Vcol scan. Each “spike” corresponds to a complete Vem scan 
at a fixed value of Vcol. The inset shows a close up view of a single Vem scan where 7 frames 
were captured at the maximum Vem. The beam diameter is calculated based on the average of 
those 7 frames (see section B on how the diameter of the image from a single frame is 
derived). This diameter is connected to a single – but presently unknown - Vcol value at the 
maximum Vem which we call a scan-point. Shown in Fig. 3 are beam diameters for all scan-
points of 5 consecutive Vcol scans. 
 
Fig. 2 A complete Vcol scan from -82 V to 0 V and back again to -82 V in steps of 2 V. Each 
“spike” corresponds to a Vem scan (-42 V to -82 V) as depicted in the inlay. The circles show 
single phosphor screen images. 
 
Now we need to match this set of beam diameters to the simultaneously measured I-V 
dataset. Using the time stamps of the recorded data, we can make an approximate matching as 
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shown in Fig. 4 (a). The small time shift was caused by the offset of the clocks of the video 
camera and the PC controlling the source-measure units.  
 
Fig. 3 The extracted beam diameters for all scan-points of five consecutive scans 
 
To correct this shift, we compared the measured current and the integrated beam intensity. 
By one-dimensional pattern matching (maximizing the cross-correlation of the two datasets), 
we corrected the unknown time offset. As shown in Fig. 4 (b), the two datasets were aligned 
perfectly after the cross-correlation. In this way, each scan-point could be matched with the 
corresponding Vcol value.  
 
Fig. 4 (a) the normalized curves before cross-correlation show a time-shift (b) after 
maximizing the cross-correlation, the alignment is improved and a corresponding Vcol value 
can be assigned to each beam diameter 
D. Derivation of the relationship between Rs and u|| 
First we note that in our measurement setup the transverse velocity of a field emitted 
electron is conserved after it leaves the gate field of the FEA (1-10 µm above Gcol, a 
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negligible distance compared to the cathode-screen distance Ls) until it reaches the screen. 
Therefore, when the initial rms transverse velocity is u||, the average beam radius Rs (defined 
as the radius of the circle which encloses 80% of the beam area) on the screen is given by  
                       (S.1) 
where T is the average traveling time of the electrons from the cathode to the screen. When 
the initial longitudinal velocity u|| is negligible in comparison to the velocity uan equal to 
         (determined by the acceleration potential Van applied to the screen), T is equal to 2 
Ls/uan and Rs is given by  
                            (S.2) 
The equation (S.2) is equal to the equation (1) in the main text in the limit of u0/uan << 1. 
This case corresponds to the highly collimated beam at kcol ~1. Therefore, the evaluation of 
the minimum u|| from the experiment is robust. 
The calculation of the traveling time for the uncollimated beam where u0 cannot be 
neglected in comparison to uan requires additional assumptions. In this case, the traveling time 
for electrons with different initial transverse velocities is not constant and can distort the 
homogeneous transverse velocity distribution. As the experimental conditions correspond to 
u0/uan in the order of 0.1 (at most ~0.3), we can safely neglect such effects. Therefore, we can 
calculate T by solving the equation of motion in the longitudinal direction, 
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Electron Beam Collimation with a 40,000
Tip Metallic Double-Gate Field Emitter
Array and In-situ Control of Nanotip
Sharpness Distribution
First, the Gcol aperture fabrication by electron beam lithography is introduced in this
chapter. It is shown that this process can easily be extended to the fabrication of the Si
wafer mold used to produce the emitter tip arrays as well as the Gex t aperture opening by
demonstrating the fabrication of high-density single-gate FEAs with up to 106 emitter tips.
An automatic marker search is used for the overlay alignment of the aperture openings in
the electrodes.
The generation of highly collimated electron beams is then demonstrated from a 40,000
emitter tip metallic double-gate field emitter array with large collimation gate apertures
fabricated by this electron beam lithography assisted method. Field emission beam mea-
surements are presented, that demonstrate the reduction of the beam envelope down to
the array size during collimation. Owing to the optimized gate structure, the concomitant
decrease of the emission current was minimal, leading to a net enhancement of the cur-
rent density. Furthermore, a noble gas conditioning process was successfully applied to
the double-gate device to improve the beam uniformity in-situ with orders of magnitude
increase of the active emission area. The results show that the proposed double-gate field
emission cathodes are promising for high current and high brightness electron beam appli-
cations such as free-electron lasers and THz power devices.
High-Density Large-Scale Field Emitter Arrays for X-ray Free Electron 
Laser Cathodes 
 
Vitaliy A. Guzenko, Anna Mustonen, Patrick Helfenstein, Eugenie Kirk, Soichiro Tsujino 
 





High brightness electron sources are of great importance for the operation of the hard X-
ray free electron lasers. Field emission cathodes based on the double-gate metallic field 
emitter arrays (FEAs) can potentially offer higher brightness than the currently used ones.  
We report on the successful application of electron beam lithography for fabrication of the 
large-scale single-gate as well as double-gate FEAs. We demonstrate operational high-
density single-gate FEAs with sub-micron pitch and total number of tips up to 106 as well 
as large-scale double-gate FEAs with large collimation gate apertures. The details of 
design, fabrication procedure and successful measurements of the emission current from 




Hard-X-ray free electron lasers (FELs) such as the planned SwissFEL X-ray FEL at the 
Paul Scherrer Institute require high brightness electron sources. Comparing with the state-
of-the-art photocathodes [1], field emission cathodes based on double gate metallic field 
emitter arrays (FEAs) can potentially offer higher brightness by more than a factor of 2. [2-
6] Therefore, we explore such FEAs as a possible upgrade option for the SwissFEL 
cathode. Recently, it has been demonstrated that single-gate FEAs operated in the near 
infrared laser-induced field emission mode [7-9] are capable of generating ultrafast electron 
bunches, reaching up to 5 pC with 50 fs excitation pulses. Stable operation of these FEAs 
with the high acceleration electric field up to 30 MV/m was also shown experimentally. [10, 
11] Additionally, reduction of the field emission beam divergence by a factor of 5-10 with 
stacked double gate FEAs with minimal current loss was shown. [5, 6] The reported results 
were observed on FEAs fabricated by means of photolithography, which has been a 
limiting factor for the further improvement of the FEA performance. In particular, it has been 
difficult to reduce the typical array pitch of 5-10 µm down to the submicron range in order to 
increase the tip density and thus the total emission current. This could allow us to meet the 
requirements of SwissFEL for the 200 pC pulse with 10 ps duration while keeping the 
excitation pulse energy of ~0.1 mJ and nanotip array size about 1mm in diameter. Up-
scaling of the number of emitter tips of the double gate FEAs to 104 - 106 has been hard to 
achieve so far using optical lithography and focused ion beam milling because of the 
precision and through-put. However, electron beam lithography is likely to provide the 
solution to circumvent these problems. The flexibility of electron beam lithography for 
modifying and optimizing exposure designs allows for fabricating large collimation aperture 
double-gate FEAs [5, 6] with thousands to millions of emitters. In addition, combining the 
vacuum nanoelectronic devices with plasmonic structures can enhance the electron yield 
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of laser-induced field emission by orders of magnitude [12, 13], which should boost the 




Fabrication of the gated FEAs requires several technological steps, that are largely divided 
into the molding technique for array preparation and the gate fabrication processes on top. 
[13-17] The major improvement in the fabrication procedure is possible by using an e-beam 
lithography direct writing tool, particularly Vistec EBPG 5000Plus with the Gaussian shape 
beam, operated at 100 kV acceleration potential. 
The process flow starts with an oxidized 100 mm <001> oriented Si wafer coated by a 
positive tone resist layer. After the first lithography step (optical or e-beam, depending on 
the target tip size and density) the pattern is transferred into an SiO2 layer by reactive ion 
etching (RIE) and then into the Si wafer by anisotropic wet chemical etching in heated 20% 
KOH solution. This way, the mold for the arrays of inverted pyramids, the sawing lines, and 
the registration markers for the following e-beam overlay exposures are created. After 
thermal oxidation of the wafer, the fabrication of the mold is completed. The last oxidation 
step is done for fine tuning the mold shape especially that of the pits for the emitter arrays. 
In the case of photolithographically defined 1.5 µm-base arrays, this step consists of 
repeated oxidation. [6, 17] In the case of the high-density FEAs defined by e-beam 
lithography, we typically apply a single oxidation step with the SiO2 thickness of 400 nm for 
the emitter tip sharpening. The SiO2 layer also servers as a protection layer for emitters 
during later demolding step. Next, the mold is sputter coated by Mo and then metallized 
with Cr and Pd by evaporation. The Pd layer acts as the seed layer for the next 
electroplating of a low stress Ni support layer with thickness of 400 µm. After demolding, 
i.e. after complete dissolving of the Si wafer in KOH solution, the all metal nano-tip array 
wafer is ready for dicing. Subsequent fabrication steps are presently performed with 
individual chips diced into small pieces, but could be optimized for the whole metallic wafer 
replica in the future process. In order to manufacture the extractor gate electrode, a layer of 
SiO2 is deposited by plasma enhanced chemical vapor deposition (PECVD), sufficiently 
thick to completely cover the tips, followed by a sputtered layer of Mo, required for the 
fabrication of the gate electrode. For arrays with 5-10 µm pitches, a self-aligned resist etch-
back process has been successfully used in order to open the apertures of the Mo 
extractor gate electrode. [5, 6, 9, 17] However, this technique is limited to a certain 
minimum size of the tip. The apertures of the high density FEAs can be reliably defined by 
means of an e-beam overlay exposure and subsequent etching of Mo and SiO2 layers. The 
e-beam-based technique is also the key for the fabrication of the second collimation 
electrode of the double gate FEA with large collimation gate apertures especially with 
arrays with a large number of tips. [6, 18] 
 
Results and Discussion 
 
At this point it is worth focusing on the modified fabrication flow, in particular, on the e-
beam lithography steps. As mentioned before, applying the direct write e-beam technique 
instead of photolithography opens up the possibility to decrease remarkably the tip size 
and thus, the separation between the neighboring tips. In our experiments, the distance 
between the tips was selected according to simulations of the electrical field enhancement 
around the tip apex, while illuminating the FEA by Ti:Sapphire laser light with the central 
wavelength of 800 nm. [12] For the square tip arrangement, the grid parameter was set to 
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750 nm and for the hexagonal one to 640 nm, an example of which is shown in Fig. 1. In 
order to reach the target size of the pyramids in the range of 250 nm, the 50 nm smaller 
squares were exposed with the dose assignment noticeably higher than the dose-to-clear 
value. Such “undersize -overdose” technique widens the process latitude of the resist 
development step and consequently of the following pattern transfer into the Si wafer. In 
this particular case, the exposure dose for the 80 nm thick PMMA 950k layer was 885 
µC/cm2 and the development time by Methyl isobutyl ketone (MIBK):Isopropyl alcohol (IPA) 
mixture (3:1) in a spray development step was 90 sec. The SEM image of the tip array 
shown in Fig. 1 is a part of the hexagonal tip array obtained by this technique. The sawing 
lines and the set of the registration markers were exposed within the same step. Each tip 
array was surrounded by a group of markers, which were exposed directly before the 
exposure of the corresponding tip array and located as close as possible. This ensured that 
any misalignment between the registration markers and the tip array itself resulting from 
eventual thermal drift during the exposure is minimized. Since the size of the marker 
structures exposed in PMMA was 5×5 µm2 and the KOH etching time was optimized for the 
fabrication of arrays of tips with smaller foot-print, the final registration markers are the 
truncated-pyramid shape that could successfully be located by an automatic marker search 
procedure with high precision. The optimization of the marker pattern shape was the 
important technological key for the successful application of e-beam lithography to this FEA 
process. This was especially the case since the tips in the sub-micron-pitch arrays were 
too small for this purpose. Using these so called topographical registration markers has 
some advantages: Firstly, they are fully compatible with the following mold oxidation steps, 
which does not tolerate any metals on the wafer surface. Secondly, they facilitate the 
highest possible overlay precision of the following e-beam exposures, since they were 
produced together with the tip arrays within the same lithography and etching steps. 
Thirdly, they are fully compatible with the demolding technique and could be perfectly 
transferred onto the metallic surface of the chip. 
 
Along with thermal drift, the presence of compressive stress in the electroplated Ni layer, 
although quite low, is another possible source of pattern distortions. After the dicing of the 
demolded sample into the square chips for further processing, we found that the 
compressive stress is partially released. However, breaking the initial circular symmetry of 
the strain field leads to a non-uniform deformation of the individual chips. Additionally, the 
difference in the thermal expansion coefficients of the metallic substrate and the SiO2 
insulator layer deposited by PECVD at 300 °C adds deformations and creates additional 
array distortions (the oxide thickness is ~350 nm in the case of sub-micron pitch arrays. It 
is 1200 nm-thick for double gate arrays). It is also important not to overlook the fact that 
electro-plated nickel is weakly magnetic at room temperature, even though added 
impurities substantially weaken its ferromagnetic property. Therefore, we should be aware 
of the possibility that spontaneous magnetization may locally influence the trajectory of the 
electrons and cause random deterioration of the overlay precision. 
 
In order to quantify these effects, we measured the positions of test registration markers on 
a demonstrator chip by means of e-beam tool and evaluated the displacement from the 
designed positions in the original mold exposure pattern at different locations. The result is 
visualized in Fig. 2 as a color map. The direction of the displacement is indicated by 
arrows. In some regions an offset up to ~30 nm is observed. However, these changes of 
the lateral dimensions of a chip are evident over the distances of several millimeters. 
Therefore, in order to minimize the effect of the chip distortion on the quality of the overlay 
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exposure, the registration markers were placed as close to the tip arrays as possible. The 
alignment routine was executed prior to exposure of each array on a chip. This allowed us 
to fabricate functional high density FEAs with an overlay precision between the tip array 
and the extractor gate electrode better than 30 nm (see Fig. 3). Fig. 4 shows one of the 
current-voltage characteristics of a high-density single-gate FEA with the diameter of 560 
µm recorded after several days of continuous operation, with the gate voltage being swept 
up and down between 0 and 50 V. The relation between the emission current and the gate 
bias potential follows the Fowler-Nordheim law (inset of Fig. 4) with the DC emission 
current up to 25 µA. The FEAs with the larger diameters did not perform all that well yet: 
disintegration of the device was observed at lower extractor voltages by the short circuiting 
of some tips and the gate electrode. This appeared to have been caused by some critical 
fabrication defects that become more probable with scaling up of the array size, such as 
dust particles or the misalignment between the tip and the aperture of the extractor gate 
electrode. Further development of extractor gate technology with respect to the e-beam 
lithography step is under way in order to improve the performance of high density large 
scale FEAs. 
 
Application of e-beam lithography enabled also remarkable breakthrough in the fabrication 
of the large scale double gate FEAs. [18] Since the restrictions to the cathode design 
caused by the self-alignment process were lifted, it became possible to optimize the design 
of the second collimating electrode, i.e. its aperture diameter and axial positioning, in order 
to reach the best focusing of electrons while avoiding unacceptable suppression of the 
emission current. The FEA structures with the 3:1 ratio of the openings of the collimation to 
the extractor gates demonstrated current density enhancement more than a factor of 10. 
[5, 6, 18] For an FEA with 1.5 µm-base pyramid emitters and the extractor gate aperture 
diameter of ~2 µm (fabricated by a self-alignment process) the target diameter of the 
collimation gate is therefore 6-7 µm. Recent demonstration of such double-gate FEAs were 
fabricated with the FIB assisted process but limited to 20×20 tips. By using the e-beam 
process here, we were able to increase the number of the tips. In the Fig. 5, a small part of 
such large-scale double gate FEA fabricated by means of e-beam lithography and 
subsequent wet etching steps is shown. The total number of tips per array of 2.3 mm in 
diameter is to 4×104. The required e-beam exposure time for this array was less than 10 
minutes. Sets of registration markers of the size of 10×10 µm2, fabricated according to the 
procedure described above facilitated reaching the high overlay precision of the collimation 
gate electrode across the whole array. The functionality of completed devices was tested 
on an experimental setup equipped with a phosphorescent screen for beam imaging for 
quantitative characterization of the emission and beam collimation characteristics of the 
cathode. Application of negative voltage applied to the second gate led to the observation 
of a clear beam collimation effect as shown in Fig. 6, while the total current emitted by 




We explored the application of an e-beam lithography technique to fabricate the high 
density single gate FEAs and the large scale double-gate FEAs wth large collimation gate 
apertures. Key technical steps were clarified, which led to the successful fabrication of the 
first functional sub-micron pitch single-gate FEAs with dimension up to 2 mm in diameter 
and emitter densities reaching 3.5×106 mm-2 was demonstrated and the first 4×104 tip 
double-gate FEAs with more than a factor of 10 collimation capability, which were 
59
successfully tested. Utilizing the e-beam lithography technique enables not only high 
flexibility in designing individual emitters but also integration of the plasmonic structures 
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Figure 1. Scanning electron microscope (SEM) image of several Molybdenum tips with 
the base size of 250 nm, arranged on the hexagonal grid with the period of 640 nm.  
 
Figure 2. Color map of the displacements of the registration marker from expected 
positions as measured on a demonstrator chip with 20 FEA arrays by means of e-beam 
lithography tool. The arrows indicate the direction of the marker displacement. 
Compensation for these distortions had to be done during the overlay exposures of the 
aperture patterns of the gate electrodes. 
 
Figure 3. A part of a 560 µm large single gate FEA with the tip distance of 750 nm and 
the overlay precision at any location of arrays better than 40 nm. The inset shows more 
detailed an individual field emitter. 
 
Figure 4. Emission current vs. gate voltage characteristics of a single gate submicron-
pitch FEA with diameter of 560 µm, operated in the DC mode, recorded after several 
days of operation. The inset shows the corresponding Fowler-Nordheim plot. 
 
Figure 5. Optical microscope overview image of part of a double-gate FEA with the tip 
distance of 10 µm and a higher magnification SEM micrograph of an individual emitter 
(inset) 
 
Figure 6. Photographs of the phosphorescent screen exposed to the non-collimated 
(left) and collimated electron beam emitted by a 2 mm in diameter large double gate 
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Electron beam collimation with a 40 000 tip metallic double-gate field emitter
array and in-situ control of nanotip sharpness distribution
P. Helfenstein,1,a) V. A. Guzenko,1 H.-W. Fink,2 and S. Tsujino1,b)
1Laboratory for Micro- and Nanotechnology, Paul Scherrer Institut, CH-5232 Villigen-PSI, Switzerland
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(Received 10 December 2012; accepted 7 January 2013; published online 24 January 2013)
The generation of highly collimated electron beams from a double-gate field emitter array with
40000 metallic tips and large collimation gate apertures is reported. Field emission beam
measurements demonstrated the reduction of the beam envelope down to the array size by applying
a negative potential to the on-chip gate electrode for the collimation of individual field emission
beamlets. Owing to the optimized gate structure, the concomitant decrease of the emission current
was minimal, leading to a net enhancement of the current density. Furthermore, a noble gas
conditioning process was successfully applied to the double-gate device to improve the beam
uniformity in-situ with orders of magnitude increase of the active emission area. The results show
that the proposed double-gate field emission cathodes are promising for high current and high
brightness electron beam applications such as free-electron lasers and THz power devices. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4788998]
I. INTRODUCTION
The extremely high brightness of field emission electron
beams has enabled the realization of electron microscopes
with single-atom resolution1 and has stimulated high current
and high current density applications such as free-electron
lasers2,3 and THz vacuum electronic devices.4–7 Field emit-
ters can produce high brightness electron beams via quantum
tunneling by applying a strong electric field in the order of
GV/m to solid surfaces. Such fields can be created by a com-
paratively low potential with the help of the field enhance-
ment at the nanometer-scale tip apexes. The recognition that
the electric field enhancement occurs not only at dc but also
at high frequencies up to nearly optical frequencies has
recently triggered intensive studies ranging from fundamen-
tal physics such as electron dynamics in strong fields8 to
ultrafast electron beam applications for time-resolved elec-
tron diffraction and microscopy,9 potentially down to the
attosecond range.10
Field emitter arrays (FEAs) with on-chip electron
extraction gate electrodes Gext, which combine the electron
emission of thousands to millions of nanotips, have been
explored for high current generation with a wide variety of
materials.7,11–14 To generate high brightness beams with a
small transverse electron velocity spread, however, it is cru-
cial to add an on-chip gate electrode Gcol for the collimation
of individual field emission beamlets. These so-called dou-
ble-gate FEAs have been proposed as high current and high
brightness cathodes15,16 and have been actively studied.17–26
One of the critical obstacles for the realization of high per-
formance double-gate FEAs is the reduction of the emission
current during the beam collimation. Recent developments
show that this can be circumvented by devising the gate
aperture shapes as demonstrated with volcano-shaped
FEAs23 and stacked double-gate device with large Gcol
apertures.24–26
For the practical application of FEAs it is important to
prepare an array with uniform nanotip apex distribution. Due
to the exponential sensitivity of the field emission current on
the electric field at the emitter apexes, even a small non-
uniformity of the emitter tip apex radius of curvature rtip
results in a highly non-uniform beam across the array and
limits the total current, making the requirement for the rtip
uniformity stringent.22 In the case of single-gate FEAs, the
rtip distribution of as-fabricated FEAs can be improved by an
application of high potential switching pulses and blunting
the emitter tips by joule heating27 but at the expense of risk-
ing failure by vacuum arcs. Another promising method is the
bombardment of ions generated by glow-discharge28 or by
electron impact ionization using the field emission cur-
rent.29–32 In particular, an improvement of the beam uni-
formity by in-situ noble gas conditioning for single-gate
molybdenum FEAs was demonstrated recently.32 However,
no study has been reported for the beam uniformity control
of double-gate FEAs.
In this work, we study the beam collimation characteris-
tics and in-situ control of the rtip distribution of a 40 000 tip
double-gate FEAs with large Gcol apertures. The experimen-
tal results demonstrated a substantial reduction of the trans-
verse electron beam spread by Gcol and an improvement of
the beam uniformity by the noble-gas conditioning process.
II. EXPERIMENT & METHODS
A. Double-gate FEA fabrication
The double-gate FEA of pyramidal-shaped molybdenum
nanotips with rtip of 10 nm, Figure 1, was fabricated by a
combination of molding for the preparation of the emitter
arrays, the self-aligned polymer etch-back method for the
Gext fabrication, and an electron beam (e-beam) lithography
a)Electronic mail: patrick.helfenstein@psi.ch.
b)Electronic mail: soichiro.tsujino@psi.ch.
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process for the Gcol fabrication.
25,26,33–35 The 4 104 emitter
tips were aligned with 10 lm pitch in a circular area meas-
uring 2.26mm in diameter. The gate electrodes consisted of
0.5 lm thick molybdenum films. The FEA and Gext were sep-
arated by a 1.2 lm thick SiO2 layer, whereas Gcol and Gext
were separated by a 1.2 lm thick SiON layer.26 To pattern
the apertures of Gcol, a process using focused ion beam mill-
ing was formally developed for arrays up to 20 20 tips.25,26
This maskless and flexible method is ideal for prototyping
small arrays but difficult to apply to larger FEAs because of
the required milling time of 90 s per aperture. With the
newly developed e-beam process, we successfully prepared
the 4 104 tip FEA having a Gcol aperture diameter of
6.56 0.1 lm, which is a factor of 3 larger than that of the
Gext apertures (2.06 0.1 lm).
35 Patterning the gate apertures
with this ratio was difficult with the polymer-etch back
method but critically important to achieve a high current
density enhancement with a small transverse electron veloc-
ity spread.24–26
B. Field emission experiment
The experiment was conducted in a field emission
microscope, Figure 2, equipped with an electron beam imag-
ing screen (metalized P43 phosphor) and a retractable Fara-
day cup. The FEA was placed 50mm from the screen. A
CCD camera was used to record the beam images which
were subsequently analyzed to evaluate the rms beam radius
Rs and the rms transverse velocity ut.
26 We simultaneously
measured the current Iem through the FEA and the gate cur-
rents Iext and Icol, Figure 2. The net current Inet reaching the
screen was evaluated from the relation (jIemj  Iext  Icol).
The field emission beam was accelerated by a potential of
3 kV applied to the screen. Alternatively, Inet was measured
directly by the Faraday cup biased at 300–500V. The value
of Inet was the same for the two measurements.
In the beam collimation experiment, we simultaneously
varied Vcol and Vem with a fixed ratio kcol (¼Vcol/ Vem) and
recorded the beam images at the largest Vem. The beam was
measured at different collimation strengths by scanning kcol
from 0 to 0.9 in steps of 0.1 and from 0.91 to 1.05 in steps
of 0.01. To restrict the power consumption of the screen, we
limited the maximum Inet to 5 lA.
After inserting the FEA into the field emission micro-
scope, the chamber was evacuated to the base pressure of
5 109 mbar. Then, the FEA was conditioned by scanning
the potential Vem applied to the emitter substrate between 0V
and a negative maximum for several days until the emission
current level became stable.26 During this conditioning phase,
the gate potentials Vext and Vcol were set to ground potential.
We further conditioned the FEA in a low-pressure Ne gas
atmosphere by continuing the Vem scan for 3 h after intro-
ducing neon gas at a pressure of (1–2) 104 mbar into the
chamber. The relation between the Faraday cup current and
Vem was continuously recorded and analyzed.
C. Theoretical modeling of the double-gate FEAs
To analyze the experiment, we created a 3D model of a
single emitter using commercial tools: CST Particle Studio
for the particle tracking simulation and COMSOL Multiphy-
sics for calculating the static electric field at the emitter tip
surface. We assumed an rtip of 10 nm and applied the
Fowler-Nordheim equation at the emitter surface to calculate
the emission current distribution.36 By subsequently integrat-
ing the equation of motion for electrons emitted from the
nanotip surfaces, the beam collimation characteristics under
the influence of the gate potential field were calculated.
III. EXPERIMENTAL RESULTS
A. Electron beam characteristics
Figures 3–5 show the observed electron beam character-
istics of the double-gate FEA. The beam images of Figures
FIG. 1. SEM image of a part of the double-gate FEA with 4 104 molybde-
num emitter tips. The insets show a close up of a single emitter with extrac-
tion ðGextÞ and collimation gate ðGcolÞ aperture openings (left bottom) and
the tip-apex (right top).
FIG. 2. Schematic illustration of the experimental setup. The double-gate
FEA in the field emission microscope generates a collimated electron beam
under the potential voltages Vem, Vext, and Vcol. The currents Iem, Iext, and Icol
were simultaneously monitored to evaluate the current Inet reaching the
screen. Using a retractable Faraday cup (not shown), Inet can be measured
directly.
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3(a)–3(c) show that the increase of kcol from 0 to 0.99 and
1.00 enhanced the beam brightness considerably. Owing to
the large Gcol apertures, more than 30% of the current emit-
ted from the tips was retained at the maximum collimation.26
This resulted in an enhanced current density with the
decrease of Rs  R0, where R0 equal to 0.57 mm is the rms
radius of the FEA. In fact, the I-V characteristics in Figures
5(a) and 5(b) and the variation of Rs  R0 in Figure 4 (open
squares) show that increasing kcol from 0 to 0.99 resulted in a
decrease of Inet from 5.56 0.2 lA to 1.96 0.2 lA, whereas
Rs  R0 decreased from 2.96 0.2mm to 0.16 0.1mm. Since
the beam area decreased more rapidly than Inet, this resulted
in an enhanced beam brightness. The similarity of this result
to the previously reported experiments with FEAs with a
smaller number of tips25,26 demonstrates the capability to
upscale the excellent beam characteristics of 4-400 emitters
up to 4 104 emitters.
The beneficial effect of the large Gcol apertures was also
supported by theory. From the single emitter simulation, we
calculated the beam characteristics for kcol between 0 and
1.05. The simulated I-V characteristics at Vem of 72V and
69V calculated simultaneously with the beam characteris-
tics are shown in Figures 5(c) and 5(d), respectively. The cal-
culated beam collimation characteristics of the single emitter
are shown in Figure 4 for the two Vem values (solid lines).
(We note that the rms source radius of the single emitter
(10 nm) is negligible in this scale). The reproduction of
the experimental values of the shape of the I-V variation and
the beam collimation characteristics as functions of kcol are
excellent.
The comparison of Figures 3(b) and 3(c) with Figures
3(e) and 3(f) shows that the neon gas conditioning improved
the beam uniformity. At approximately the same Inet with a
slightly smaller Vem of 69V, the beam observed after the
gas conditioning exhibited fewer parts with nearly saturated
intensity and increased emission around the center of the
beam, whereas the Rs  R0 versus kcol relation was approxi-
mately the same. The I-V characteristics (Figure 5(a))
changed slightly after the neon conditioning (Figure 5(b)).
Interestingly, the shape of the I-V characteristics after the
gas conditioning (Figure 5(b)) resembles that of simulation
more closely. One can ascribe this as a consequence of mak-
ing the rtip distribution more uniform by the neon gas condi-
tioning. The same shape of the two calculated I-V curves at
Vem of 72V and 69V (Figures 5(c) and 5(d), respec-
tively) shows that the difference of Vem in the two experi-
ments is not the source of the different curve shapes.
To quantify the quality of the collimated electron beam,
















FIG. 3. Images of field emission beams
generated by the double-gate FEA with
4 104 emitters at different collimation
strength denoted by the ratio kcol
(¼Vcol=Vem). (a)-(c) were observed before
the Ne gas conditioning with Vem of
72V, whereas (d)-(f) were observed
after the Ne gas conditioning with Vem of
69V. The maximum current reaching
the screen at zero kcol was  5 lA for both
cases. All the beams are displayed with
the same intensity scale, highlighting the
large beam brightness enhancement at kcol
of 0.99 and 1.00.
FIG. 4. Variation of Rs with the increase of kcol before and after the neon
conditioning. The rms radius R0 equal to 0.57 mm of the FEA was sub-
tracted from Rs for the experiment. The solid lines show the calculated Rs
versus kcol obtained by the full 3D simulation of a single-emitter at values of
Vem equal to 72 V and 69V. The beam images at kcol equal to 0 and 1.00
at Vem of 69V obtained after the neon gas conditioning are also displayed.
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In above equation, Ls of 50 mm is the distance between the
FEA and the screen, and uan is the longitudinal velocity at





being the elementary charge and m is the electron rest mass).
u0 is the initial longitudinal velocity defined at a few microns
off the tip surface. At kcol ¼ 0, it is approximately given byﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qjVemj=m
p
. At kcol close to unity, u0 can be safely
neglected because the electrons are significantly decelerated
by Vcol. Since Van is an order of magnitude larger than Vcol,
we neglected the effect of Vcol.
At zero kcol, from Rs  R0 of 2.96 0.2mm and Eq. (1),
ut as a fraction of the speed of light in vacuum c0 is evaluated
to be (3.76 0.1) 103. At kcol ¼ 0:99 with Rs  R0 equal
to 0.166 0.1mm, ut/c0 is evaluated to be 2.4 104. The
reduction of ut by a factor of 15 is about 1.5 times better
than the previous results obtained from FEAs with a smaller
number of emitters.25,26
We note that a close inspection of the beam images at
kcol of 0.99 and 1.00 in Figure 3, in particular Figures 3(e)
and 3(f), reveals granular spots with a typical rms radius
below 100 lm. This value is approaching the experimental
resolution and is in the same order of magnitude as the calcu-
lated single emitter value. The similarity of these images
with the granular beam images of as-fabricated single-gate
FEAs observed at the acceleration potential of 200 kV using
a pulsed diode gun32,37,38 poses a possibility that individual
beamlets were resolved at the large kcol values in the present
experiment, even though the acceleration potential was only
3 kV and there was no additional focusing element such as a
solenoid. This suggests that the actual minimal value of ut is
smaller than the value evaluated above from the beam enve-
lope. Further experiments concerning the direct measure-
ment of the transverse beam emittance and analysis of the
model at high kcol as a function of high acceleration fields
are needed to establish the actual collimation strength.
B. Emission homogenization by noble gas
conditioning
Finally, we discuss the impact of the neon gas condition-
ing on the emission characteristics. Figure 6(a) shows the
evolution of the relation between Inet and Vem during the con-
ditioning. As a result of 3 h of the neon gas conditioning,
the current at a given Vem increased approximately an order
of magnitude (from scan a to scan c), with Inet reaching
0.14mA at a Vem of 81V in the end.
We analyzed the Inet-Vem relation by fitting with the fol-
lowing function








This assumes the Fowler-Nordheim equation for the single-
tip current Itip with a constant single-tip emission area Stip
FIG. 5. Current-voltage characteristics of
the 40 000 tip FEA measured during the
beam collimation experiment of Figure 3,
(a) before the neon gas conditioning with
Vem of 72V, (b) after the neon gas con-
ditioning with Vem of 69V. The simu-
lated current-voltage characteristics (c)
at Vem of 72V and (d) at Vem of 69V
were obtained together with the calcula-
tion of the Rs  kcol relations displayed
in Figure 4.
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and an electric field F at the emitter tip apex determined by
jVemj36,39–41











where Stip is the single-tip emission area and F is the electric
field at the emitter tip apex. The constants a, b, c are given
by a¼ 1.541434 106 A eV V2, b¼ 6.830890 eV3=2
Vnm1, and c¼ 1.199985 eV V1=2 nm1=2. / is the work
function (4.5 eV for molybdenum), and t is approximately
equal to 1.36,42 The fitting parameters AFN and BFN are writ-
ten as follows








BFN ¼ b/3=2b1; (5)
where Ntip is the number of active emitters and b is the field
enhancement factor (equal to F=jVemj). b is approximately
proportional to ðrtipÞ0:5 for our pyramidal shaped emitters.43
Figure 6(c) summarizes the obtained evolution of AFN
and BFN. At the end of the conditioning in UHV and before
the neon gas was introduced in the chamber, AFN was equal
to 562 A and BFN was equal to 650 V. When the neon gas
was introduced into the chamber, BFN increased to 840V
during the first 10min and remained approximately
unchanged. After the conditioning, AFN increased to 103A.
Referring to Eq. (5), the 30% increase of BFN at the begin-
ning of the neon gas conditioning is ascribed to the increase
of / or the decrease of b via an increase of rtip. The
decreased fraction of extremely bright spots after the condi-
tioning indicates that the conditioning blunted the sharpest
emitters that were already active before, suggesting the
increase of rtip. Since AFN decreases with the increase of /
(see Eq. (4)), the observed increase of AFN by two orders of
magnitude suggests that Ntip increased by the same orders of
magnitude. These conclusions are compatible with the
observed beam uniformity improvement, Figure 3.
The observed effect of the neon conditioning is different
from previously reported experiments. In the glow-discharge
processing of Spindt single-gate FEAs,28 the bombardment
of neon and hydrogen ions generated by glow-discharge on
the FEA decreased BFN but only a small change in AFN
resulted. The well-known finishing procedure of etched-wire
needle-shape field emitters44–46 is similar to our method in
appearance but different in effect: the irradiation of the neon
gas ions created by the impact ionization of the field emitted
electrons to the emitter tip results in sharpening of the tip
down to a few atoms. In contrast, our observation indicates
that the neon gas had blunted the sharp tips while at the same
time activating non-emitting tips. We note that the previous
report on the noble-gas conditioning of single-gate FEAs for
longer time periods increased BFN by more than a factor of 2
together with orders of magnitude increase of AFN. The na-
ture of these different consequences under the different
plasma conditions have not been elucidated yet. Since the
gas processing is a promising method to improve the beam
uniformity and the maximum current, further investigation
on the precise physical origin of the observed effect is an
urgent task and the subject of intense research.
IV. CONCLUSIONS
In summary, we showed the successful fabrication of a
double-gate FEA with 4 104 tips with large Gcol apertures
using e-beam lithography and demonstrated its excellent
electron beam collimation characteristics. By submitting the
FEA to a low pressure neon gas, we were able to increase the
active emission area and to obtain a more homogeneous
beam. The successful reproduction of the experiment by a
full 3D simulation of a single emitter for the beam collima-
tion characteristics and the emission current characteristics
was also shown and demonstrates that it is feasible to use the
established model for further optimization of the gate struc-
ture and to study the beam emission and collimation charac-
teristics under high acceleration electric field.
The collimation of the beam envelope down to the FEA
diameter and the hint of resolving individual emitters at low
(3 keV) acceleration potential show that the rms transverse
velocity was reduced to a significantly low value. To estab-
lish this fact with increased resolution on the beam diagnos-
tics, further investigations including the direct beam
FIG. 6. (a) Evolution of the emission current-voltage characteristics during
the conditioning. (b) Fowler-Nordheim plot of the I-Vs shown in (a). (c) The
evolution of the Fowler-Nordheim fitting parameters AFN and BFN in UHV
and during the neon gas conditioning.
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emittance measurement using the DC gun test-stand47,48 and
experiments with single-emitters are under way.
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In this work, double-gate FEAs have been introduced as a possible candidate for upgrading
X-ray free electron lasers such as the SwissFEL to shorter wavelengths and improve their
beam quality. The devices presented in this work have demonstrated excellent performance
in terms of collimation characteristics and it was shown that a large Gcol aperture diameter
is crucial to minimize the emission current reduction under collimation conditions. The
current uniformity across a 2.26 mm diameter array with 40’000 emitter tips could be
improved significantly by submitting the sample to a low-pressure neon gas atmosphere
for the duration of 3 hours.
Using the molding method for the fabrication of pyramidal emitter tips with controlled
apex radii of curvature of 5-10 nm and the self-aligned polymer etch-back method for
the Gex t and Gcol aperture openings, double-gate FEAs with Gex t and Gcol apertures of
1.2±0.1µm and 3.5±0.1µm were fabricated. These aperture diameters represent both the
upper and lower limit achievable with the self-aligned method. In the experiment, these
devices showed minimal reduction of the emission current during collimation compared
to devices with Gex t and Gcol apertures of equal diameter. Nevertheless, a significant
current density increase was not achieved with these structures. Due to the limitations
in reproducability and aperture geometry imposed by the self-aligned process, a different
fabrication method for the Gcol aperture openings using a focused ion beam assisted process
was implemented. This method is ideal for prototyping FEAs with a small number of emitter
tips and testing different Gcol geometries. Using the FIB assisted process, 2×2 emitter
tip FEAs were fabricated that showed a heretofore unreached current density increase
of a factor of 13.9±0.1 during collimation. These structures had Gex t and Gcol aperture
diameters of 2.3±0.1µm and 6.2±0.1µm, respectively. The FIB assisted fabrication process
could be up-scaled to 20×20 emitter tip FEAs that showed the same excellent collimation
characteristics as exhibited by the smaller FEAs. The only drawback to this method is the
large amount of time necessary for the milling of the Gcol electrode which exceeds 10 hours
for the fabrication of a 20×20 FEA.
With the application of electron beam lithography, the rapid fabrication of double-gate FEAs
with thousands of emitter tips became possible. Contrary to the FIB assisted method where
the alignment of the Gcol apertures to the underlying emitter tips was done manually, the
e-beam is capable of automated marker search. The fabrication of these alignment markers
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in the form of truncated pyramids could be integrated into the mold preparation. Using this
e-beam process, double-gate FEAs with up to 40,000 emitter tips were fabricated. A slight
increase in Gcol aperture diameter to 6.5±0.1µm while shrinking the Gex t diameter to
2.0±0.1µm resulted in diminished leak current to Gex t during collimation. As a consequence
of this, higher collimation voltages could be applied that led to lower transverse velocities.
From the phosphor screen images recorded after the neon gas conditioning, it can be
assumed that an almost parallel beam was reached.
To test the influence of variations in device geometry and voltage biasing scheme on the
achieved results, a three dimensional model of a single-emitter double-gate structure
was created on the basis of high resolution SEM micrographs and TEM cross-sections
of a fabricated structure. The simulation of the electron trajectories was then carried
out in multiple successive steps. First, a two dimensional projection of the model was
used to calculate the electric field on the surface of the emitter tip apex by employing a
finite-element solver on a triangular mesh of high-density. A mesh element size of less
than 1 Å close to the surface of the emitter apex ensured accurate results. By assuming
cylindrical symmetry, the resultant field distribution was subsequently used to calculate the
emission current and the active emission area via integrating the current density according
to the Fowler-Nordheim equation over the emitter apex surface. These values were then
input as initial conditions of a full 3-D model for the particle tracking calculation by a
finite-difference algorithm. Due to the high mesh density required on the emitter tip
apex and the solver restriction to hexahedral meshes, the particle tracking simulation was
split into two parts. First, the simulation was carried out in the vicinity of the emitter tip
using a high-density mesh. The position and velocities of each simulated particle were
recorded upon impact on a virtual anode placed at a distance of 20 µm from the emitter
structure along the electron beam axis. Placing the virtual anode at this distance ensured
that it would not influence the particle trajectories. The recorded particle properties were
then used to initialize the simulation of the full experimental chamber where the anode
was placed 40-50 mm away from the structure with a mesh of lower density. With the
application of an iterative particle tracking algorithm, it was also possible to calculate the
influence of space-charge effects on the electron trajectories.
The results of the particle tracking simulation stand in excellent agreement with the
experimental data. In light of the intended application of the FEAs presented in this
work, the simulation was extended to higher acceleration gradients of up to 100 MV/m
and the influence of the acceleration field on space-charge dependent broadening of the
transverse velocity spread was investigated. It could be shown that even for a relatively
high tip current of 10 µA, the space-charge broadening can be compensated by the
application of a high acceleration gradient and the stacked double-gate structure is still
capable of producing an almost parallel beam with an rms transverse velocity of 1.0×
10−4 expressed as a fraction of the speed of light in vacuum. This is only a factor of 2
worse than the smallest rms transverse velocity achieved, when space-charge effects are
neglected.
Exchanging the optical lithography step used in creating the mold masks by an electron
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beam lithography fabrication process, the creation of pyramidal emitter tips with submicron
base length is possible. This greatly increases the number of tips that can be incorporated
in a given FEA area. If the excellent beam collimation characteristics can be maintained
for such a scaled down structure, the current density and emission current level could be
increased by two orders of magnitude. The particle tracking simulation of a tenfold reduced
version of the modelled double-gate structure discussed above results in a minimum rms
transverse velocity of 5.98×10−5, again expressed as a fraction of the speed of light in
vacuum at an acceleration field of 100 MV/m. It should be noted that due to the properties
of the double oxidation method used during the emitter tip fabrication, the emitter tip
apex does not scale with with the base length but remains approximately constant. This
was taken into account for the down-scaled emitter model.
In the experiment with the 40,000 tip double gate FEA, a minimal transverse velocity ut -
given as a fraction of the speed of light in vacuum - of ∼2.4×10−4 was achieved. With the
FEA radius of 1.14 mm, this amounts to a normalized rms emittance of 0.14 µm which
is below the 0.2 µm required by the SwissFEL in high charge operation mode. Since the
transverse velocity and therefore also the emittance are preserved when the double-gate
structure is reduced by a factor of ten, an FEA of the same diameter but with emitter tips
of 150 nm base length and a pitch of 1 µm would be capable of producing the required
pulse charge of 200 pC if a 10 ps voltage pulse is applied to extract an average tip current
of 20 µA. This average tip current level is three orders of magnitude higher than in the
40,00 tip FEA experiment, and space-charge effects would lead to a broadening of the
emitted beam. However, the acceleration gradient applied in the experiment was only
60 kV/m. It was shown in the particle tracking simulation, that by applying a higher
acceleration gradient of 100 MV/m the space-charge broadening is compensated, meaning
that the emittance could be preserved for the down-scaled FEA even at very high average
tip currents.
In the future, the implementation of the conceptual design of an alternative double-
gate FEA structure treated in the appendix could further increase the emitted current
level by allowing for ps pulsed biasing of the emitter and Gcol . Instead of necessitating
separate contacting for each applied bias voltage, the voltage difference between Vcol
and Vem is achieved by overlaying a long voltage pulse by a shorter one. Due to the
higher capacitance between Gcol and Gex t compared to that between the emitter substrate
and Gex t , the shorter pulse only affects the emitter substrate leading to the emission of
a collimated pulsed electron beam. As has been shown by the simulation and also in
the experiment, a kcol value above one or negative might be advantageous for higher
emission current levels especially at higher acceleration fields. Adapting the design of the
alternative structure as shown in figure 17 in appendix A realizes the application of such
kcol values.
To further characterize the fabricated devices, a direct measurement of the emittance is
mandatory and already planned for the near future. Since this measurement will be carried
out with an acceleration gradient of 3 MV/m, it will also allow the verification of the
space-charge simulation by experimental data. As shown by the particle tracking results,
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a high-density double-gate FEA with emitter tips of submicron base length could lead to
higher current densities and current levels. The fabrication steps for single-gate devices has
already been established and will be extended to the fabrication of double-gate structures.
The main focus in future experiments will lie on increased current levels by means of voltage
pulsing and laser induced field-emission while maintaining the collimation characteristics
shown for the double-gate FEAs presented in this work
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Appendix A
Concept of a Simplified Double-Gate
Structure for ps Pulsing & High
Acceleration Gradients
The following patent application comprises a number of ideas that form the design of
a simplified double-gate FEA structure that can produce short electron pulses of high-
brightness. By adding a resistive connection between the emitter tips and the collimation
electrode, both can be biased by a single source. The voltage difference is created by
overlaying a DC voltage or long pulse with a short pulse. Due to the resistive connection,
the emitter tips will be biased at a higher negative voltage than Gcol and a collimated
electron bunch is emitted. In this mode, the extraction gate is constantly grounded and
kcol restricted to values below one and can be varied by the material and geometry of the
resistive connection.
As the experimental results in section ?? and the particle tracking simulation in section 2.3
have shown, the highest collimation might likely be reached at kcol values higher than one
when the acceleration gradient is in the order of a few MV/m or above. An alternative
device structure is presented, where sequential voltage pulses are applied between the
substrate that is insulated from the emitter tips and the extraction gate. Gcol is connected
to the substrate by a resistive connection and the emitters are connected to Gex t by a
different resistive connection. By chosing the resistive materials and geometries for the




Field emission cathode structure and driving method thereof 
The present invention relates to field-emitter cathode structures 
and their driving methods to produce short high brightness 
electron beam.5
In the following specification of the present invention, the 
pertinent prior art comprises the following documentation:
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E. Kirk, S. Tsujino, Method to produce a field-emitter array with 
controlled apex sharpness, WO 2009/156242 A1, 30 December 2009.15
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Fink, and S. Tsujino, Highly collimated electron beams from 
double-gate field emitter arrays with large collimation gate 20
apertures, Appl. Phys. Lett. 98, 061502 (2011).
Background of the invention
The present invention relates to field-emitter cathode structures 





Advantages of a field emitter array cathode equipped with an
electron extraction gate electrode are known over the thermionic 
cathodes widely used in microwave vacuum electronic amplifiers and 
oscillators, including low power dissipation, fast switching 
capability, and capability of high current and high current 5
density performance. However, the electron beam emitted from such 
a single-gate field emitter array cathode has a large transverse 
electron velocity spread, which requires a special electron gun 
structure comprising a multiple electrostatic lens structure as 
described in one prior art in US6,683,414 B2, issued January 27, 10
2004 to Whaley. This problem can be solved in a field-emitter 
array structure comprising an array of double-gate field emitter 
units. Each field emitter unit has a field emitter tip in an 
electron extraction cavity which is equipped with an electron 
extraction gate electrode and an electrostatic lens structure 15
stacked on top of the electron extraction gate in the direction of 
the electron propagation as described in one prior art in U.S. 
Patent No. 5,955,849.
A collimated electron beam can be generated from a double-gate 20
field-emitter array cathode by applying a negative voltage Vem to 
the field emitter array with respect to the electron extraction 
gate electrode and applying a negative voltage Vcol to the 
collimation electrode with respect to the electron extraction gate 
electrode at the same time. To maximize the reduction of the 25
electron beam emission angle, it is crucial to have the ratio kcol
defined by Vcol / Vem close to 1. In a double-gate field-emitter 
array cathode with the collimation gate aperture diameter larger 
than the diameter of the electron extraction gate electrode 
aperture, the reduction of the electrical current with increase of 30
kcol can be minimized and the emission angle can be reduced by a 
factor of 5 to 10 when kcol is increased from 0 to 0.86 as reported 
in the reference [P. Helfenstein, E. Kirk, K. Jefimovs, T. Vogel, 




061502 (2011)] when the field emitter cathode was operated in an 
environment in which an external acceleration electric field Facc
provided by applying an electric field between the field emitter 
cathode and an electrode in the direction of the beam propagation 
is much smaller than 1 MV/m. In a double-gate field-emitter array 5
cathode with the collimation electrode aperture diameter larger 
than the diameter of the electron extraction gate electrode 
aperture in an environment with Facc in the order of and higher 
than 1 MV/m , the reduction of the electrical current with 
increase of kcol from 0 to 1.0 and above can be minimized and the 10
emission angle can be reduced by more than a factor of 5 to 10. 
However, the requirement of two separate voltages for the electron 
extraction and the collimation electrodes which should be applied 
via three separate electrical contacts increases the complexity of 15
the cathode driver and limits the applicability of such a device 
compared to a thermionic cathode, for example, which requires only 
two terminals. In one prior art JP P2000-123715A issued to 
Makishima et al. on April 28, 2000, a double-gate field-emitter 
array cathode structure that can be driven as a two-terminal 20
cathode is disclosed. In this structure, the collimation electrode 
is electrically connected to the electron extraction gate 
electrode by a resistor R1 and the same collimation gate electrode 
is electrically connected to the field emitter array with a 
resistor R2. Consequently, by applying a potential Vem to the field 25
emitter array, the collimation electrode potential is equal to 
R2Vem/(R1+R2) without requiring an additional bias source and an 
additional electrical contact to the collimation gate electrode. 
However, this structure uses a fixed kcol-value, which poses two 30
problems. Firstly, power dissipation in the resistive divider 
could compromise the low-power-consumption performance of the 
field-emitter cathode and the reliability of the device. A 




dissipation but limits maximum switching frequency due to 
increased RC constant of the device. Secondly, since the beam 
collimation and emitted current are sensitive to the collimation 
gate voltage and the aperture size, fixed kcol limits the 
possibility to operate the field emitter in the optimal condition 5
and to maximize the brightness of the emitter electron beam. 
Brief description of the Invention
10
Accordingly, it is an object of the invention to provide a double-
gate field emitter cathode structure that can be operated as a 
two-terminal device for producing a collimated electron beam in an 
environment with low acceleration electric field suitable for 
small spot short pulse x-ray sources, and other applications.15
It is further an object of the invention to provide a double-gate 
field emitter cathode structure that can be operated as a two-
terminal device in an environment with high acceleration electric 
field for producing a collimated electron beam suitable for small 20
spot short pulse x-ray sources, free-electron lasers, electron 
deflection amplifiers and sensors, microwave amplifiers, and other 
applications.
It is yet another an object of the invention to provide a double-25
gate field emitter cathode structure that produces short electron 
pulses below 1 ns with adjustable collimation capability.
These objectives are achieved according to the present invention 
by a field emitter device producing an electron beam, comprising 30
one or several field emission cathode units, one or several 
resistor units, contact electrode units, and a substrate; wherein 




(a) a field emitter of a pyramidal-, a cone-, or a wire-shape, of 
a conducting material; 
(b) an electron extraction gate electrode, which is supported 
above the field emitter by an insulator layer, wherein, to 
extract an electron beam from the field emitter through an 5
aperture, a negative potential difference is established to 
the field emitter with respect to the electron extraction gate 
electrode;
(c) a collimation electrode, which is supported on top of the 
electron extraction gate electrode by a second insulator layer, 10
which collimates the electron beam by establishing a negative 
potential at said collimation electrode with respect to the 
said electron extraction gate electrode, wherein the aperture 
diameter of the collimation electrode is larger than the 
aperture diameter of the electron extraction gate 15
electrode;said contact electrode unit comprises:
(d) a first contact electrode which electrically connects the 
electron extraction gate electrodes of the field emitter,
(e) a second contact electrode which electrically connects the 
collimation electrodes of the field emitter; and said resistor 20
unit comprising:
(f) a resistor which electrically connects the substrate and the 
collimation electrode; 
(g) a substrate having a substance surface, wherein the substrate 
electrically connects the field emitter and provides the 25
electrical connection to external driving voltages to said 
field emitter; said substrate also providing a mechanical 
support of said field emission cathode units, the resistor 
units and the contact electrode units.
30
In yet an another embodiment, a field emitter device producing an 
electron beam, comprising one or several field emission cathode 




a substrate; wherein the field emission cathode unit comprises 
said (a)-(c); said contact units comprise;
(d’) a first contact electrode which electrically connects the 
field emitter;
(e’) a second contact electrode which electrically connects the 5
electron extraction gate electrodes of the field emitter;
(f’) a third contact electrode which electrically connects the 
collimation gate electtodes of the field emitter; said 
resistor units comprising;
(g’) a first resistor unit which electrically connects the 10
electron extraction gate electrodes to the field emitter;
(h’) a second resistor unit which electrically connects the 
collimation electrodes to the substrate;
(i’) a substrate having a substance surface, wherein the substrate 
mechanically supports the field emitters units, contact 15
electrodes, resistor units, wherein a third electrical 
insulator is inserted between the substrate and the field 
emitters; wherein said substrates provides the electrical 
connection to external driving voltages.
20
This field-emitter array cathode structure with two stacked 
control electrodes and their driving means to produce short 
electron pulses safeguards that a sequence of electric stimuli 
applied to the field emitter array generates an electron beam with 
precisely controlled emission angle, allowing for the production 25
of short collimated electron pulses with high electron beam 
brightness.
Further preferred examples of the present invention are listed in 
the remaining depending claims.30
The nature of the invention will best be understood when described 




FIG. 1 is a perspective view, on a greatly enlarged scale of a 
prior art double-gate field emitter array device. 
FIG. 2 is a schematic cross-sectional view, of the said prior art 
double-gate field emitter array device in FIG. 1 along the line A-5
A’.
FIG. 3 is an example of an electron gun using a prior art double-
gate field emitter array device as the electron emitter. 
10
FIG. 4 is an electrical equivalent circuit diagram of a prior art 
double-gate field emitter array device connected to driving 
voltage sources. 
FIG. 5 is a typical dc field emission characteristic of a double-15
gate field emitter array device operated in an environment with a 
low acceleration electric field much smaller than 1 MV/m. 
FIG. 6 is an example of an experimentally observed field emission 
characteristic of a prior art double-gate field emitter array 20
device in an environment with a low acceleration electric field 
much smaller than 1 MV/m. 
FIG. 7 is an example of an experimentally observed collimation 
characteristic of the field emission electron beam emitted from a 25
prior art double-gate field emitter array device in an environment 
with a low acceleration electric field much smaller than 1 MV/m. 
FIG. 8 is a perspective view, on a greatly enlarged scale of the 
invention. 30
FIG.9 is a schematic cross-sectional view, of the invention in FIG. 




FIG. 10 is a perspective view, on a greatly enlarged scale of the 
invention with yet an other geometry as compared to FIG. 8 and FIG. 
10. 
FIG. 11 is a schematic cross-sectional view, of the invention in 5
FIG. 10 along the line A-A’.
FIG. 12 is an example of an electron gun using the double-gate 
field emitter array device of FIG. 10 as a pulsed electron emitter.
10
FIG. 13 is an example of an electron gun using the double-gate 
field emitter array device of FIG. 8 as a pulsed electron emitter.
FIG. 14 is an electrical equivalent circuit of the invention of 
FIG. 8 connected to driving voltage sources. 15
FIG. 15 shows electrical waveforms of the driving voltage, the 
terminal voltages, and the emission pulse of the invented double-
gate field emitter array device of FIG. 8 driven by a proposed 
voltage sequence to produce a collimated electron pulse.20
FIG. 16 shows electrical waveforms of the driving voltage, the 
terminal voltages, and the emission pulse of the invented double-
gate field emitter array device of FIG. 8 driven by another 
proposed voltage sequence for producing a collimated electron 25
pulse with the duration below 1 ns.
FIG. 17 is an electrical equivalent circuit of the invention of 
FIG. 10 connected to driving voltage sources. 
30
FIG. 18 shows electrical waveforms of the driving voltage, the 
terminal voltages, and the emission pulse of the invented double-




voltage sequence for producing a collimated electron pulse with 
the duration below 1 ns.
Description of the preferred embodiment
5
The invention can be best described with reference to Figures 1 to 
18. 
Referring to the drawing FIG.1 and FIG. 2 of a prior art, a 
double-gate field emitter array device 110 comprises of an array 10
of single unit of the field emitter 107; 101 designates one of the 
electron emitting field emitter tips of suitable conducting 
material, for example, molybdenum; the field emitter tips are 
supported by a substrate 102 (Em) of conducting material; an 
insulator layer 103 which has cavities for individual emitter tips 15
101; 103 supports the electron extraction gate layer 104 (Gex) of a 
conducting material on top of the field emitter array. The 
electron extraction gate layer 104 has aperture holes for 
individual emitter tips 101; an insulator layer 105 which has 
cavities for the transport of electron beam emitted from 20
individual emitter tips 101; the insulator layer 105 supports the 
electron collimation gate layer 106 (Gcol) of a conducting material 
which has aperture holes for the collimation of the field emission 
electron beamlets emitted from individual emitter tips 101. 
25
Referring to the FIG. 3 of a schematic cross-sectional view of an 
axially symmetric electron gun using the prior art double-gate 
field emitter array cathode 110. The cross-section is taken 
through the plane that contains the gun axis; 201 is the 
electrical contact to the field emitter array via the substrate 30
102; an insulator layer 202 supports the cathode 110; 203 is the 
electrical contact to the electron extraction gate layer Gex; 204 
is the electrical contact to electron collimation gate layer Gcol; 




VK which accelerates the field emission electron beam; 206 is an 
electron beam collector.
Referring to the FIG. 4 of an electrical equivalent circuit of a 
prior art double-gate field emitter cathode connected by driving 5
voltages Vem and Vcol, respectively applied, between Em and Gex, and 
between Gcol, and Gex, the left area enclosed by the dashed line is 
an electrical equivalent circuit of the field emitter driver, the 
central area enclosed by the dashed line represents the prior art 
double-gate field emitter array cathode 110, and the right area 10
enclosed by the dashed line represents the space transporting and 
collecting the electron beam by the beam collector 206. When a 
positive Vem is applied and Vcol is zero, the relationship between 
Vem and the current Iem is given by the left panel of FIG. 5 for a 
typical pyramidal molybdenum field emitter array cathode 110 15
fabricated by molding with base size of 1.5 µm square, for example 
by prior art WO 2009/156242 A1, the emitter apex radius of 
curvature Rtip in the order of ~5 nm, the thickness of 103 and 105 
of ~1.2 µm, the thickness of 104 layer and 106 layer equal to 0.5 
µm, the diameter Dex of the aperture holes of Gex of ~2 µm, and the 20
inscribed diameter Dcol of the aperture holes of Gcol of ~6 µm. The 
right panel of FIG. 5 shows the relationship between Ia and Vcol
for a molybdenum field emitter array cathode with Dcol/Dex of ~3 
when Vem is equal to 71.8 V when the said field emitter array 
cathode is operated in an environment with Facc much smaller than 1 25
MV/m. Facc is defined for example by VK and the distance between 
the surface of said field emission cathode and said beam collector. 
The collimation characteristics were calculated with reference to 
the experimental observations relative to FIG. 6 and FIG. 7. 
Typically, more than 90 % of Iem is transported through the Gex–30
and the Gcol–apertures towards the collector as the current Ia. The 
remnant is collected by Gex as Iex and by Gcol as Icol. Icol is 
negligible. Ia is approximately same as Iem when the ratio kcol = 
Vcol/Vem is below 0.85. When kcol is above kcol
(th)




and Iex ~ Iem, since Iem is collected by Gex in this case.  When kcol
is increased from 0 to kcol
(op)
 = 0.86, the beam divergence angle is 
5 to 7 times reduced and the beam brightness is enhanced by more 
than a factor of 10. However, two separate voltage sources with 
three separate electrical connections to Gcol, Em, and Gex are 5
required to produce the maximally collimated electron beam with 
this device, which complicates the bias circuit as seen in the 
example of FIG. 3 and FIG. 4, and limits the applicability of 
double-gate field emitter arrays. 
10
Referring to FIG. 8 and FIG. 9 of the present invention, the 
double-gate field-emitter array cathode 820 comprises an array of 
field emitter units 107; external driving voltages Vb (821) and Vp
(822) are electrically connected in series between Gex (104) and Em
(102) via a transmission line 823 with characteristic impedance Zs, 15
whereas Gcol (106) is electrically connected to Em (102) by one or 
several of the resistor unit 811, that consists of a resistor 809. 
Referring to FIG. 10 and FIG. 11 of yet an other form of the 
present invention, the double-gate field-emitter array cathode 20
1020 comprises an array of field emitter units 107; external 
driving voltages Vb (1021) and Vp (1022) are electrically connected 
in series between Gex (104) and the substrate 1013 via a 
transmission line 1023 with characteristic impedance Zs. Gcol (106) 
is electrically connected to the substrate 1013 by one or several 25
of the resistor unit 1011. The emitter contact layer Em (1002) is 
electrically connected to Gex (104) by one or several of resistor 
unit 1012. Direct dc electrical connection between Em and 1013 is 
prevented by an insulating layer 1014.
30
Referring to FIG. 12, an example of an electron gun using a 
double-gate field emitter array using the cathode 820 is shown. 




field emitter array of FIG. 3, the present invention greatly 
simplifies the electrical connections to the cathode by 
eliminating a separate contact 204 to Gcol. 
Referring to FIG. 13, an example of an electron gun using a 5
double-gate field emitter array using the cathode 1020 is shown. 
Comparing with the electron gun using the prior art double-gate 
field emitter array of FIG. 3, the present invention greatly 
simplifies the electrical connections to the cathode by 
eliminating a separate contact 204 to Gcol. 10
Referring to FIG. 14, an electrical equivalent circuit of the 
double-gate FEA, 820, connected by driving voltages Vb and Vp
applied between Em and Gex, is shown. The left area enclosed by the 
dashed line is an electrical equivalent circuit of the field 15
emitter driver, the central area enclosed by the dashed line 
represents the invented double-gate field emitter array cathode 
820, and the right area enclosed by the dashed line represents the 
space transporting and collecting the electron beam by the beam 
collector 206. In a typical cathode structure, C1 and C2 represent 20
respectively the capacitance of Gex (104) and Gcol (106). The 
typical value of C1 and C2 is 0.5 nF, corresponding to the 
electrode diameter of 4 mm and 1.2 µm insulator thickness of 103 
and 105, Rb is equal to R0/N kΩ, where N is the number of resistor 
units and R0 is the resistance of the resistor 809 of the resistor 25
unit 811 which electrically connects Gcol and Em. The resulting 
Impedance Zs is a sum of the characteristic impedance of the 
feeding transmission line Zs
’
 (typically 50 Ω) and the impedance 
Zs
”
 of the contact 201. 
30
Referring to FIG. 15, a typical pulsed field emission 
characteristic of the double-gate FEA 820 operated in an 
environment with Facc much smaller than 1 MV/m is illustrated, (a) 




maximum (FWHM) voltage pulse Vp with 10 V amplitude and a Vb of 62 
V DC, (b) shows the waveforms of the potential difference between 
Em and Gex represented by Vem and the potential difference between 
Gcol and Gex represented by Vcol, (c) shows the potential ratio kcol = 
Vcol/Vem, and (d) shows the amplitude of the collimated electron 5
beam Ia transported to the anode. During the time the pulse 
voltage Vp is on (t = 0 to 200 ns), Vcol = Vb but Vem is higher than 




of 0.86, with the amplitude of Ia of 0.1 A. 
10
Referring to FIG. 16, a typical pulsed field emission 
characteristic of the double-gate FEA 820 operated in an 
environment with Facc much smaller than 1 MV/m to produce 
collimated electron pulses with the duration below 1 ns is 
illustrated, (a) shows the applied voltage between Em and Gex15
comprising a Vb of 62 V DC and a double pulse voltage Vp , which 
consists of a 0.2 ns FWHM duration positive voltage pulse with a 
1600 V amplitude and another negative voltage pulse with the same 
duration and amplitude, delayed by 0.5 ns from the first positive 
voltage pulse, (b) shows the waveforms of the potential difference 20
between Em and Gex represented by Vem and the potential difference 
between Gcol and Gex represented by Vcol when Zs of the transmission 
line 823 is 50 Ω and the impedance of 201 is neglected, (c) shows 
the potential ratio kcol = Vcol/Vem, and (d) shows the amplitude of 
the collimated electron beam Ia transported to the anode. During 25
the time Vem is 10 V higher than Vcol, the condition kcol equal to 
kcol
(op)
 of 0.86 is satisfied and a collimated electron pulse of Ia
with the amplitude of 0.1 A and FWHM duration of 0.5 ns is 
produced.
30
The finite Iem while Vp is off can be partly eliminated by applying 
Vb also in pulse. The duration of Vb pulse should be longer than 
the time constant RbC2 equal to 5 µs for C2 of 0.5 nF and Rb of 10 




Gcol and Em and minimize the power consumption and breakdown 
probability of the resistor unit 811. 
A preferred embodiment of the double-gate FEA 820 is described in 
the following; a metallic field emitter array (FEA) consisting of 5
molybdenum field emitter tips is fabricated by molding. The FEA is 
supported by a conducting substrate, for example an electro-plated 
nickel substrate. Gex is stacked on the FEA separated by an 
insulator-1 of SiO2 layer. Gcol is stacked on the Gex separated by 
the insulator-2 of SiO2 or SiON. Gex and Gcol have apertures for 10
individual emitter tips. Gex and Gcol are made of suitable 
conducting material. The resistor of the resistor unit is made of, 
for example, silicon, germanium, molybdenum nitride, zirconium 
carbide, or other suitable resistive material. Two examples of 
device structure parameters are listed in the Table I.15
Referring to FIG. 17, an electrical equivalent circuit of the 
double-gate FEA, 1020, connected by driving voltages Vb (1022) and 
Vp (1021) applied between 1013 and Gex (104) is shown. The left 
area enclosed by the dashed line is an electrical equivalent 20
circuit of the field emitter driver, the central area enclosed by 
the dashed line represents the invented double-gate field emitter 
array cathode 1020, and the right area enclosed by the dashed line 
represents the space transporting and collecting the electron beam 
by the beam collector 206. In a typical cathode structure, C1 and 25
C2 represent respectively the capacitance of Gex (104) and Gcol
(106), Cb represents the capacitance between the substrate 1013 
and Em (1002), Rex represents the resistance between Em (1002) and 
Gex (104), and Rc represents the resistance between Gcol (106) and 
the substrate 1013. The typical value of C1, C2, and Cb is 0.1 nF, 30
corresponding to the diameter of the field emitter array 1 mm and 
1.2 µm insulator thickness of 103, 105, and 1014. Rex is equal to 
R0’/N’ kΩ, where N’ is the number of resistor units (1012) and R0’




connects Em (1002) and Gex (104). Rc is equal to R0”/N” kΩ, where 
N” is the number of resistor units (1011) and R0” is the 
resistance of the resistor unit 1011 which connects electrically
Gcol (106) and the substrate (1013). The resulting Impedance Zs is 
a sum of the characteristic impedance of the feeding transmission 5
line Zs
’
 (typically 50 Ω) and the impedance Zs
”
 of the contact 201. 
Referring to FIG. 18, a typical pulsed field emission 
characteristic of the double-gate FEA 1020 operated in an 
environment with Facc in the order of 1 MV/m or higher to produce 10
collimated electron pulses with the duration below 1 ns is 
illustrated, (a) shows the applied voltage between the substrate 
1013 and Gex (104) comprising a Vb pulse and a double pulse voltage 
Vp. Vb pulse is of 72.5 V amplitude with FWHM duration of 1 µs and 
the rise time and the fall time of 0.1 µs applied from the time -1 15
µs. Vp consists of a 0.14 ns FWHM duration positive voltage pulse 
with a 2235 V amplitude centered at time 0 µs and an other 
negative voltage pulse with the same duration and amplitude, 
delayed by 0.3 ns from the center of the first positive voltage 
pulse, (b) shows the waveforms of the potential difference between20
Em and Gex represented by Vem and the potential difference between 
Gcol and Gex represented by Vcol when Zs of the transmission line 
1023 is 50 Ω and the impedance of 201 is neglected, (c) shows the 
potential ratio kcol = Vcol/Vem, and (d) shows the amplitude of the 
collimated electron beam Ia transported to the beam collector. 25
During the time |Vem| is approximately equal to |Vcol| with kcol
equal to 1.02 a collimated electron pulse of Ia with the amplitude 
of 0.1 A and FWHM duration of 0.2 ns is produced. It is apparent 
that it is also possible to generate emission current with the 
same order of magnitude with larger beam divergence but in an 30
environment with Facc much smaller than 1 MV/m by decreasing kcol by 




A preferred embodiment of the double-gate FEA 1020 is described in 
the following; a metallic field emitter array (FEA) consisting of
molybdenum field emitter tips is fabricated by molding. The FEA is 
supported by a conducting substrate, for example an electro-plated 
nickel substrate, a planarized metallic substrate, or a highly 5
conducting semiconductor substrate. Gex is stacked on the FEA 
separated by an insulator-1 of SiO2. Gcol is stacked on the Gex
separated by the insulator-2 of SiO2, SiON, or SixNy. Gex and Gcol
have apertures for individual emitter tips. Gex and Gcol are made of 
suitable conducting material. The FEA layer (Em) and the substrate 10
are electrically insulated by the insulator-3 of SiO2, SiON, or 
SixNy. The resistor of the resistor unit is made of, for example, 
silicon, germanium, molybdenum nitride, zirconium carbide, or 
other suitable resistive material. Two examples of device 




Table I. Design of FEA-1 and FEA-2
FEA-1 FEA-2




Array diameter 1 mm 1 mm
Emitter base 
size
1.5 µm 0.2 µm
Apex radius of 
curvature
5-10 nm 5-10 nm
Array pitch 5 µm 0.76 µm
Insulator-1 
thickness
1.2 µm 0.3 µm
Insulator-2 
thickness
1.2 µm 0.3 µm




1 µm 0.15 µm
Gex diameter 5.2 mm 5.2 mm




3 µm 0.45 µm
Gcol diameter 3.8 mm 3.8 mm




Table II. Design of FEA-3 and FEA-4
FEA-3 FEA-4




Array diameter 1 mm 1 mm
Emitter base 
size
1.5 µm 0.2 µm
Apex radius of 
curvature
5-10 nm 5-10 nm
Array pitch 5 µm 0.76 µm
Insulator-1 
thickness
1.2 µm 0.3 µm
Insulator-2 
thickness
1.2 µm 0.3 µm
Insulator-3 
thickness
1.2 µm 0.3 µm




1 µm 0.15 µm
Gex diameter 5.2 mm 5.2 mm




3 µm 0.45 µm
Gcol diameter 1.2 mm 3.8 mm
Rex 50 Ω 50 Ω 





1. A field emitter device producing an electron beam, comprising 
one or several field emission cathode units, one or several 
resistor units, contact electrode units, insulator layers, and a 5
substrate; wherein the field emission cathode unit comprises:
(a) a field emitter of a pyramidal-, a cone-, or a wire-shape, 
of a conducting material;
(b) an electron extraction gate electrode, which is 
electrically insulated and mechanically supported above the 10
field emitter by an insulator layer, wherein, to extract an 
electron beam from the field emitter through an aperture, a 
negative potential difference is established to the field 
emitter with respect to the electron extraction gate electrode;
(c) a collimation electrode, which is electrically insulated 15
from the electron extraction gate electrode and mechanically 
supported on top of the electron extraction gate electrode by 
a second insulator layer, which collimates the electron beam 
by establishing a negative potential at said collimation
electrode with respect to the electron extraction gate 20
electrode, wherein the aperture diameter of the collimation
electrode is larger than the aperture diameter of the electron 
extraction gate electrode; 
(d) a first contact electrode which electrically connects the 
electron extraction gate electrodes of the field emitter,25
(e) a second contact electrode which electrically connects the 
collimation electrodes of the field emitter; 
(f) a resistor unit comprising a resistor which electrically 
connects the substrate and the collimation electrode;
(g) a first insulator layer which electrically insulates the 30
field emitters and the electron extraction gate electrodes, 





(h) a second insulator layer which electrically insulates the 
electron extraction gate electrodes and the collimation 
electrodes, wherein said insulator layer mechanically supports 
the collimation electrodes;
(i) a substrate having a substance surface, wherein the 5
substrate electrically connects the field emitter, and 
provides the electrical connection to external driving 
voltages to said field emitter; said substrate also providing 
a mechanical support of said field emission cathode units, the 
resistor units, the contact electrodes, and the insulator 10
layers. 
2. The field emitter device according to the claim 1, wherein the 
material of the field emitter is selected from a group consisting 
of molybdenum, tungsten, zirconium carbide, molybdenum carbide, 15
hafnium carbide, or molybdenum nitride, and the material for the 
electrode layers is selected from a group consisting of molybdenum, 
tungsten, zirconium carbide, molybdenum carbide, hafnium carbide, 
molybdenum nitride, chromium, copper, gold, silver, or aluminium.
20
3. The field emitter device according to the claims 1 and 2, being 
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode
(a) DC voltage 
(b) voltage pulse25
4. The field emitter device according to the claims 1 and 2, being 
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode
(a) DC voltage 30
(b) double voltage pulse
wherein the double voltage pulse consists of two voltage pulses 




5. The field emitter device according to the claims 1 and 2, being 
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode
(a) first voltage pulse
(b) second voltage pulse5
wherein the duration of the first voltage pulse is longer than the 
duration of the second voltage pulse and the second voltage pulse 
is applied during the first voltage pulse.
6. A field emitter device according to the claims 1 and 2, being 10
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode
(a) first voltage pulse 
(b) double voltage pulse
wherein the double voltage pulse consists of two voltage pulses 15
with opposite polarity, wherein the duration of and the separation 
between the two pulses of the double pulse voltage are shorter 
than the duration of the first pulse voltage and the double 
voltage pulse is applied during the first voltage pulse.
20
7. A field emitter device producing an electron beam, comprising 
one or several field emission cathode units, one or several 
resistor units, contact electrode units, insulator layers, and a 
substrate; wherein the field emission cathode unit comprises:
(a) a field emitter of a pyramidal-, a cone-, or a wire-shape, 25
of a conducting material;
(b) an electron extraction gate electrode, which is 
electrically insulated and mechanically supported above the 
field emitter by an insulator layer, wherein, to extract an 
electron beam from the field emitter through an aperture, a 30
negative potential difference is established to the field 
emitter with respect to the electron extraction gate electrode;
(c) a collimation electrode, which is electrically insulated 




supported on top of the electron extraction gate electrode by 
a second insulator layer, which collimates the electron beam 
by establishing a negative potential at said collimation
electrode with respect to the electron extraction gate 
electrode, wherein the aperture diameter of the collimation5
electrode is larger than the aperture diameter of the electron 
extraction gate electrode; 
(d) a first contact electrode which electrically connects the 
electron extraction gate electrodes of the field emitter;
(e) a second contact electrode which electrically connects the 10
collimation electrodes of the field emitter; 
(f) a third contact electrode which electrically connects the 
field emitters; 
(g) a first resistor unit comprising a resistor which 
electrically connects the substrate and the collimation 15
electrode;
(h) a second resistor unit comprising a resistor which 
electrically connects the electron extraction gate electrodes 
and the field emitters; 
(i) a first insulator layer which electrically insulates the 20
field emitters and the electron extraction gate electrodes, 
wherein said insulator layer mechanically supports the 
extraction gate electrodes;
(j) a second insulator layer which electrically insulates the 
electron extraction gate electrodes and the collimation 25
electrodes, wherein said insulator layer mechanically supports 
the collimation electrodes;
(k) a third insulator layer which electrically insulates the 
field emitters from the substrate, wherein said insulator 
layer mechanically supports the field emitters;30
(l) a substrate having a substance surface, wherein it 
mechanically supports the field emitters, the one or several 




wherein said substrates provides the electrical connection to 
external driving voltages;
8. The field emitter device according to any of the claim 7, 
wherein the material of the field emitter is selected from a group 5
consisting of molybdenum, tungsten, zirconium carbide, molybdenum 
carbide, hafnium carbide, or molybdenum nitride, and the material 
for the electrode layers is selected from a group consisting of 
molybdenum, tungsten, zirconium carbide, molybdenum carbide, 
hafnium carbide, molybdenum nitride, chromium, copper, gold, 10
silver, or aluminium.
9. The field emitter device according to the claims 7 and 8, being 
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode15
(a) first voltage pulse 
(b) second voltage pulse
wherein the duration of the first voltage pulse is longer than the 
duration of the second voltage pulse and the second voltage pulse 
is applied during the first voltage pulse. 20
10. A field emitter device according to the claims 7 and 8, being 
enabled to produce a collimated electron beam by applying between 
the field emitter and the electron extraction gate electrode
(a) first voltage pulse 25
(b) double voltage pulse
wherein the double voltage pulse consists of two voltage pulses 
with opposite polarity, wherein the duration of and the separation 
between the two pulses of the double pulse voltage are shorter 
than the duration of the first pulse voltage and the double 30





The present invention describes a field-emitter array cathode 
structure with two stacked control electrodes and their driving 
method to produce short electron pulses. A sequence of electric 5
stimuli applied to the field emitter array drives generates an 
electron beam with precisely controlled emission angle, allowing 










































































































































































































































































B.1 Fabrication of Ungated Field-Emitter Arrays
Field emitter array with molded Ni substrate
Project No.811120




Subst: SM 21  [100mm, 380 um-thick, (100), n-type (P) (0.5 - 50Ohm cm), beidseitig poliert, FZ] 
Zusammenfassung
1. Wafer oxidieren (Maske für anschliessendes Si ätzen mit KOH) J. Lehmann
2. Maske belichten (Maske für anschliessendes Si ätzen mit KOH) J. Lehmann
3. Si ätzen (KOH) J. Lehmann
4. Oxidation 1 J. Lehmann
5. Oxid 1 ätzen J. Lehmann
6. Oxidation 2 J. Lehmann
1 Wafer oxidieren
1 Alle Wafer (inkl. Dummy) reinigen: Standard Caros Reinigung
2 Trockenoxidation [100 +/- 15 nm]

















Schritte von Dehydration bis Entwicklung müssen innerhalb
eines Tages ausgeführt werden, das es sonst zu Problemen
beim Ätzen kommt
Datum:
Wafer reinigen falls nötig
1 Dehydration
a Ofen: 180 °C für 30 min
2 Photolack aufspinnen
a Lack: S1805 (darauf achten, dass Ablaufdatum nicht über-
schritten ist. Resist darf nicht älter als 1 Jahr sein)
b Spincoaten: Rot: 4000rpm, Beschl: 800rpm/sec, t: 30 sec
c Softbake: 110°C, 1 min 30 sec
3 Intensität überprüfen
an den 5 angegebenen Punkten überprüfen
Intensität an jedem Punkt muss 18mW betragen
(Vergleichswert: CL2, 405nm, 18mW, Datum: 21.1.08)
Intensität bei Punkt 1:
Intensität bei Punkt 2:
Intensität bei Punkt 3:
Intensität bei Punkt 4:
Intensität bei Punkt 5:
Datum:








a Ausrichten zum Flat
b Chuck von MA 6, Vakuum Kontakt
c Belichten: ca. 5 sec
d Entwickeln: ca. 25 sec, MF-24











5 Oxid Ätzzeit berechnen:
Parameter für RIE 100:
   - Gase: CHF3, O2
   - Rezept: oxygen plasma cleaning (zum reinigen)
   - Rezept:vt62_oxide_etch (zum ätzen)
a
Ätzrate mit Dummy Wafer bestimmen
(Vergleichswert: 18nm/min, 22.06.10)
Dummy Wafer 3min ätzen in RIE 100
Neue Dicke von SiO2 nach Ätzen bestimmen
Ätzzeit berechnen:
……..…SiO2 / ……..nm/min (Ätzrate) =………min ……..sec
Beispiel:
i.) Dicke vor Ätzen (aus Schritt 1, Wafer oxidieren): 102nm
ii.) Dicke nach 3min Ätzen: 48nm
iii.) in 3min wurden 54nm geätzt (102nm-48nm=54nm)
iv.) Ätzrate=18.0nm/min (54nm/3min=18nm/min)
v.) Ätzzeit=5.66min, 5.66min ~ 5 min 40 sec 
(102nm/18nm/min=5.66 min)
6 Oxid ätzen
Reinigen mit Sauerstoffplasma: 20 sec










Photolack entfernen mit: Remover 1165, Aceton, IPA, DI-Wasser
Wafer mit Spincoater trocknen
Datum
3 Si ätzen (KOH)
1 BOE Dip
BOE (7:1):  5 s
2 KOH ätzen
Ätzzeit: 4min 00sec (ergibt Strukturtiefe: 1.06um)
3 Strukturen im opt. Mikroskop überprüfen
Datum
4 Oxidmaske entfernen  
BOE (7:1): 1min 30sec
Achtung: falls Oxid (aus Schritt 1) grosse Abweichung von 







a Caros Reinigung: 5min
b BOE (7:1): 20 sec
c Caros Reinigung: 5min
d BOE (7:1): 10 sec
e Caros Reinigung: 5min
f BOE (7:1): 10 sec
2 Oxidation
Nassoxidation 1:   200 nm
falls kein Rezept vorhanden, doppelte Zeit von 100nm nehmen







5 Oxid 1 ätzen
1 Oxid ätzen      
BOE (7:1): 4min 46sec
Achtung: falls Oxid (aus Schritt 4) grosse Abweichung von 












a Caros Reinigung: 5min
b BOE (7:1): 20 sec
c Caros Reinigung: 5min
d BOE (7:1): 10 sec
e Caros Reinigung: 5min
f BOE (7:1): 10 sec
2 Oxidation
Nassoxidation 1: 700 nm
Kalibration? Zuerst testen mit Rezept für 600nm und Zeit um
20% erhöhen














B.2 Extraction Gate Fabrication Process
Process Steps Parameters Step Time
0. Demolding & Dicing
Demold 1.8 l water
450g KOH
65° C ~24 h
spincoat Ti-Prime 2000 rpm 60 s
1000 rpm/s
90°C 2 min
spincoat S1828 2000 rpm 60 s
1000 rpm/s
90°C 5 min
2000 rpm 60 s
1000 rpm/s
90°C 5 min
Dice into chips Prog: Nickel 4-Zoll 1 h
Resist stripping Acetone/Isopropanol 5 min.
BOE 8 min 20 sec
PECVD SiO2 deposition 1200 nm 40.6 nm/m
Check Si02 thickness
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 90°C 1 min
expose 60 s
develop 45sec. MF26A
BOE etch 3 min
Resist stripping Acetone/Isopropanol
BMP 02 plasma 60 sec
PECVD SiO2 deposition 40 nm
Check SiO2 thickness
PECVD SiON deposition 1200 nm ~2 h
Check SiON thickness Reflectometer
4. Mo Gate Deposition A
pump Nordiko p_base=2E-6 mbar 12 h
presputter 2.0 mbar 5 min
sputter p_Ar=2.0 mbar 45 min/500nm
sputter current: 1.5 A
sputter voltage: ~280 V
Rotation: 10
target cooling time 10 min
vent
1. SiO2 Deposition A
2. BOE etch Array
3. SiON Deposition A
2 B. SiO2 Deposition A2
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 spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s





Al etch 1min 25 sec
remove PR (acetone/ipa)
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s




bake 95°C 5 min
Al etch 2 min
remove PR (acetone/ipa)
BMP (O2 plasma) Recipe: Helga 5 min
spincoat Ti Prime 2000 rpm 60 s
1000 rpm/s
bake 95°C 2 min
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 95°C 5 min
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 95°C 5 min
saw
7. Pattern Gate 1 Contacts
5. Resist spinning & thinning Gate 1
6. Aperture opening Gate 1
8. Sawing in 9x9 mm pieces
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B.3 Focused Ion Beam Assisted Collimation Gate Fabrication
Process Steps Parameters Step Time
0. Demolding & Dicing
Demold 1.8 l water
450g KOH
65° C ~24 h
spincoat Ti-Prime 2000 rpm 60 s
1000 rpm/s
90°C 2 min
spincoat S1828 2000 rpm 60 s
1000 rpm/s
90°C 5 min
2000 rpm 60 s
1000 rpm/s
90°C 5 min
Dice into chips Prog: Nickel 4-Zoll 1 h
1. SiO2 Deposition
BOE 8 min 20 sec
PECVD SiO2 deposition 1200 nm 55 nm/m
Check Si02 thickness
2. Mo Gate Deposition
pump Nordiko p_base=2E-6 mbar 12 h
presputter 1.1 mbar 5 min
1.9 mbar 5 min
sputter p_Ar=1.9 mbar 45 min/500nm
sputter current: 1.5 A
sputter voltage: 280 V
Rotation: 10
target cooling time 10 min
vent
 
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s





Al etch 1 min 25 sec
remove PR (acetone/ipa)
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s




bake 95°C 5 min
Al etch 1' 30''
remove PR (acetone/ipa)
BMP (O2 plasma) Recipe: Helga 5 min
5. Pattern Gate 1 Contacts
4. Aperture opening Gate 1
3. Resist spinning & thinning Gate 1
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6. SiON Deposition
PECVD SiON deposition 1200 nm 11.1nm/min
Check SiON thickness 1200 nm
7. Mo Gate Deposition B
pump Nordiko p_base=2E-6 12 h
presputter 2.0 mbar 40 min
sputter p_Ar=2.0 mbar 45 min/500nm
sputter current: 1.5 A
sputter voltage: 300-320 V
Rotation: 10
target cooling time 10 min
vent
PECVD SiO2 500 nm
Check SiO2 thickness
pump Nordiko p_base=4E-6 12 h
presputter 1.1 mbar 5 min
1.6 mbar 5 min
sputter p_Ar=1.6 mbar 8 min / 100 nm
sputter current: 1.5 A
sputter voltage: 300-320 V
Rotation: 10
target cooling time 10 min
vent
10. FIB Aperture opening
FIB aperture opening
paint around edge
Al etch 50 s
remove PR (acetone/ipa)
RIE100 (O2 plasma) 10 min
12. BOE clear tips
paint around edge
BOE etch 7 min
remove PR (acetone/ipa)
spincoat PR (S1828) 2000 rpm 60 s
800 rpm/s




bake 90°C 5 min
Al etch <~2 min
remove PR (acetone/ipa)
RIE100 (O2 plasma) 10 min
11. Aperture opening (wet-etch)
13. Pattern Gate 2 Contacts
9. Mo Deposition C (sacrificial FIB layer)
8. SiO2 Deposition C (sacrificial FIB Layer)
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14. Pattern Vias
spincoat PR (S1828) 2000 rpm 60 s
800 rpm/s
bake 90°C 1 min
expose (use inverted hole mask) 20 s
develop
paint around edge
bake 90°C 5 min
dip in DI water
BOE etch 4 min
remove PR (acetone/ipa)
RIE100 (O2 plasma) 10 min
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B.4 Electron Beam Lithography Assisted Collimation Gate
Fabrication
Process Steps Parameters Step Time
0. Demolding & Dicing
Demold 1.8 l water
450g KOH
65° C ~24 h
spincoat Ti-Prime 2000 rpm 60 s
1000 rpm/s
90°C 2 min
spincoat S1828 2000 rpm 60 s
1000 rpm/s
90°C 5 min
2000 rpm 60 s
1000 rpm/s
90°C 5 min
Dice into chips Prog: Nickel 4-Zoll 1 h
1. SiO2 Deposition
BOE 8 min 20 sec
PECVD SiO2 deposition 1200 nm 55 nm/m
Check Si02 thickness
2. Mo Gate Deposition
pump Nordiko p_base=2E-6 mbar 12 h
presputter 1.1 mbar 5 min
1.9 mbar 5 min
sputter p_Ar=1.9 mbar 45 min/500nm
sputter current: 1.5 A
sputter voltage: 280 V
Rotation: 10
target cooling time 10 min
vent
 
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s





Al etch 1 min 25 sec
remove PR (acetone/ipa)
3. Resist spinning & thinning Gate 1
4. Aperture opening Gate 1
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spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s




bake 95°C 5 min
Al etch 1' 30''
remove PR (acetone/ipa)
BMP (O2 plasma) Recipe: Helga 5 min
6. SiON Deposition
PECVD SiON deposition 1200 nm 11.1nm/min
Check SiON thickness 1200 nm
7. Mo Gate Deposition B
pump Nordiko p_base=2E-6 12 h
presputter 2.0 mbar 40 min
sputter p_Ar=2.0 mbar 45 min/500nm
sputter current: 1.5 A
sputter voltage: 300-320 V
Rotation: 10
target cooling time 10 min
vent
9. ZEP coating
spincoat ZEP 520-A 2000 rpm 120 sec
1000 rpm/s
bake 180°C 180 sec
10. E-Beam Exposure
expose
develop ZED-N50 5 min
IPA
DI water clean
BMP (O2 plasma) Recipe: Helga 60 sec
11. Aperture Opening 
Gate 2 Al etch 1min 25 sec
remove ZEP ZDMAC 5'
BMP (O2 plasma) Recipe: Helga 100 sec
12. BOE clear tips
paint around edge  + bake (95°C, 5')
BOE etch SiOn: 145nm/min 5 min
remove PR (acetone/IPA)
5. Pattern Gate 1 Contacts
8. Open Gate 2 Alignment Marks
No need to open, e-beam will find the alignment much easier if Mo layer 
is continuous (claim: resist is not charging up this way)
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13. Pattern Gate 2 
Contacts
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s








spincoat Ti Primer 2000 rpm 60 s
1000 rpm/s
bake 90° C 2 min
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 90°C 1 min
expose (use inverted hole mask) 90 s
develop 20 s
paint around edge
bake 95°C 5 min
dip in DI water
BOE etch 6 min
remove PR (acetone/ipa)
spincoat Ti Prime 2000 rpm 60 s
1000 rpm/s
bake 95°C 2 min
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 95°C 5 min
spincoat PR (S1828) 2000 rpm 60 s
1000 rpm/s
bake 95°C 5 min
saw
15. Sawing in 9x9 mm pieces
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Appendix C
Structure Definition Sample for Electron
Beam Lithography
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! Make s e v e r a l d i f f e r e n t square s i z e s .
! (0 ,0) coord inate should be in the center of the square .
STRUCT Square_3um
LAYER 1








C 2.00 0 ,0 (0 360 24) ENDC




C 2.00 0 ,0 (0 360 24) ENDC
! B (−0.75 ,−0.75) (0.75 ,−0.75) (0 .75 ,0 .75) (−0.75 ,0.75) ENDB
ENDSTRUCT
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! Def ine the quar t e r s of a r ray s
! −−−−−−− > ARRAY: 10um p i t ch array ( f o r 1.5mm rad ius maximum)
STRUCT Quarter_p10um_SqArray
AREF Circle_p10um (5 ,5) 150 (10 ,0) 150 (0 ,10)
ENDSTRUCT
! −−−−−−− > ARRAY: 5um p i t ch array ( f o r 1.5mm rad ius maximum)
STRUCT UnitCell_5um
SREF Circle_p5um (0 ,0)
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SREF Circle_p5um (0 ,5)
SREF Circle_p5um (5 ,5)
ENDSTRUCT
STRUCT Quarter_p5um_CrossArray
AREF UnitCell_5um (5 ,0) 150 (10 ,0) 150 (0 ,10)
AREF UnitCell_5um (5 ,0) 150 (10 ,0) 150 (0 ,10)
AREF UnitCell_5um (5 ,0) 150 (10 ,0) 150 (0 ,10)
AREF UnitCell_5um (5 ,0) 150 (10 ,0) 150 (0 ,10)
ENDSTRUCT
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! Def ine a f u l l a r ray by r o t a t i o n of the quar te r around the 0 ,0 o r i g i n
STRUCT Full_p5um_CrossArray
SREF Quarter_p5um_CrossArray (0 ,0)
ANGLE 90
SREF Quarter_p5um_CrossArray (0 ,0)
ANGLE 180
SREF Quarter_p5um_CrossArray (0 ,0)
ANGLE 270
SREF Quarter_p5um_CrossArray (0 ,0)
ENDSTRUCT
STRUCT Full_p10um_SqArray
SREF Quarter_p10um_SqArray (0 ,0)
ANGLE 90
SREF Quarter_p10um_SqArray (0 ,0)
ANGLE 180
SREF Quarter_p10um_SqArray (0 ,0)
ANGLE 270
SREF Quarter_p10um_SqArray (0 ,0)
ENDSTRUCT
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! Def ine the C i r c l e s f o r e x t r a c t i o n
STRUCT Circle_R565um
LAYER 21





C 1129.5 (0 ,0) (0 360 200) ENDC
ENDSTRUCT
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
! Def ine the Marker Set s
STRUCT MarkerSet
AREF Square_5um (−3340,−3340) 2 (6680 ,0) 2 (0 ,6680)
AREF Square_5um (−3340,−3190) 2 (6680 ,0) 2 (0 ,6380)




Additional Particle Tracking Results
The graphs shown in this appendix were created by a particle tracking simulation of mod-
eled double-gate field-emitter structures. Detailed information on the calculation methods








































































































































































































































Figure D.1: This figure illustrates the amount of emission current intercepted by the extraction gate


















































































































Gcol radius: 2.5 µm
Note: no current is caught on G at radii above 2.5 µm



















Figure D.2: This figure illustrates the amount of emission current intercepted by the collimation




















































































































































































































































Figure D.3: This figure illustrates the amount of emission current reaching the anode for different





















































































































































































































































































































Figure D.4: This figure illustrates the evolution of the rms transverse velocity with kcol for different


























































































































































































































Figure D.5: This figure illustrates the evolution of the rms beam radius with kcol for different Gcol
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-1.0 -0.8 -0.6 -0.4 -0.2
kcol
100 MV/mGcol radius: 2.0 µm
Note: no current is caught on G or G at for any kext col col
Figure D.6: This figure illustrates a unique behaviour found only for Facc = 100 MV/m and a Gcol









































































































































































Figure D.7: This figure illustrates the collimation characteristics for a Gcol aperture diameter of





























































































































































































































Figure D.8: This figure illustrates the amount of emission current intercepted by the extraction gate
















































































































































































































































Figure D.9: This figure illustrates the amount of emission current intercepted by the collimation gate










































































































































































































































Figure D.10: This figure illustrates the amount of emission current reaching the anode for different

















































































































































































































































































































Figure D.11: This figure illustrates the evolution of the rms transverse velocity with kcol for different



























































































































































































































Figure D.12: This figure illustrates the evolution of the rms beam radius with kcol for different Gcol
aperture diameters and acceleration fields with a high-density double-gate structure.
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